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I .  INTRODUCTION 

This  report  details  work  that  was  carried  out  over  the  period  from 
January  1,  1979,  to  November  30,  1979,  in  the  Materials  Research  Laboratory 
of  The  Pennsylvania  State  University  under  ONR  Contract  N00014-78-C-0291. 

The  work  is  part  of  a  long  range  (five-year)  program  of  "Targeted  Basic 
Studies  of  Ferroelectric  and  Ferroelastic  Materials  for  Transducer  Applica¬ 
tions."  In  the  period  covered  by  this  second  annual  report  of  the  program, 
many  of  the  topics  initially  chosen  for  study  have  now  been  written  up  for 
publication.  Reprints  or  preprints  of  these  studies  are  presented  in  the 
19  technical  appendices  to  the  report.  The  text  of  the  report  itself  has 
been  kept  to  a  very  brief  narrative  description  of  the  current  activities 
and  of  developing  efforts  in  areas  not  covered  in  the  technical  appendices. 

To  facilitate  reporting,  the  work  has  been  organized  under  the  follow¬ 
ing  seven  headings: 

A.  Electrostriction 

B.  Piezoelectric  Composites 

C.  Grain  Oriented  Ceramics 

D.  Crystal  Growth 

E.  Processing  Studies 

F.  Phenomenological  Theory 

G.  Ferroelectric  Bicrystals 

It  should  be  stressed,  however,  that  this  mode  of  presentation  is  just 
for  convenience  and  does  not  imply  that  the  topics  are  separate,  independent 
mini-projects.  They  are,  in  fact,  closely  coupled  and  interconnected.  For 
example : 
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(a)  The  basic  electrostriction  studies  will  provide  the  reliable  experi¬ 
mental  data  for  the  complementary  development  of  the  lattice  theory  of  elec¬ 
trostriction,  which  is  essential  for  a  proper  microscopic  understanding  of 
the  phenomenon.  Since  electrostriction  is  the  underlying  elasto-electric 
coupling  mechanism  in  all  piezoelectric  ceramic  transducers,  it  is  fundamental 
to  the  whole  area  of  Navy  interest. 

(b)  The  development  of  a  completely  new  approach  to  the  design  of  composite 
materials  based  on  a  proper  consideration  of  the  crucial  role  of  the  phase 
interconnection  (connectivity)  has  enabled  the  tailoring  of  important  new 
property  combinations  from  well  known  existing  phases.  Such  composite  struc¬ 
tures  will  be  essential  if  the  technologically  interesting  relaxor  ferroelectric 
electrostrictors  are  to  be  effectively  utilized,  and  will  have  similar  import¬ 
ance  for  other  new  materials  being  developed  on  the  program. 

(c)  Crystal  growth  and  ceramic  processing  studies  are  obviously  essential 
underpinning  activities  vital  for  the  fabrication  of  new  types  of  composite 
and  for  the  separation  and  study  of  the  mechanisms  of  behavior  in  relaxor  and 
other  ceramic  f erroelectrics . 

(d)  The  phenomenological  correlation  draws  continuously  upon  the  continuing 
spectrum  of  property  measurements  and  structural  data  generated  in  the  other 
areas  of  the  program. 

(e)  We  believe  that  the  bicrystal  studies  will  provide  essential  informa¬ 
tion  on  the  role  of  internal  boundaries  in  the  ceramics,  both  electrostrictive 
and  piezoelectric  systems. 

The  19  technical  appendices  perhaps  attest  in  a  rather  direct  way  to  the 
productive  advantage  in  having  such  coupled  studies  progressing  in  parallel. 
Outstanding  among  the  current  developments  are,  we  believe: 
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1.  The  design  and  construction  of  a  new  type  of  precise  AC  dilatometer 

“1.3  “3  o 

capable  of  resolving  displacements  'VlO  m  (10  A)  in  a  frequency  range  of 
4  to  200  Hz,  which  permits  the  direct  measurement  of  electrostrictive  strains 
in  simple  low-permittivity  solids. 

2.  The  excellent  progress  being  made  in  the  development  of  the  theoretical 
framework  of  electrostriction  in  alkali  halides  and  perovskites. 

3.  Confirmation  of  the  behavior  of  3:1  connected  PZT: plastic  composites. 
With  proper  control  of  the  scale  of  the  macrostructure  versus  the  sample  thick¬ 
ness,  the  piezoelectric  responses  (d33,  g33,  dh,  g  )  follow  closely  the  the¬ 
oretical  model.  For  hydrophone-type  materials,  d^g^  products  ^10,000  appear 
possible  and  samples  are  stable  to  hydrostatic  pressures  beyond  2,000  psi. 

4.  The  first  clear  indications  that  in  composites  of  more  complex  macro¬ 
structure  in  the  PZT: plastic  systems  d33  values  can  be  achieved  which  are 
higher  than  those  of  the  separate  ceramic  phase. 

5.  A  new  exceedingly  simple  fabrication  technique  which  permits  the 
formation  of  a  3:3  connected  ceramic: plastic  composite  with  properties  close 
to  those  of  the  corresponding  replamineform  materials. 

Over  the  past  year  the  following  papers  have  been  presented  at  national 
and  international  meetings: 

S.J.  Jang,  K.  Uchino,  S.  Nomura  and  L.E.  Cross.  Electrostrictive  Behavior  of 
Lead  Magnesium  Niobate  Based  Ceramic  Dielectrics.  IEEE  International 
Symposium  on  Applications  of  Ferroelectrics ,  Minneapolis,  MN,  June  1979. 

K.  Uchino  and  L.E.  Cross.  A  Very  High  Sensitivity  AC  Dilatometer  for  the 

Direct  Measurement  of  Piezoelectric  and  Electrostrictive  Constants.  IEEE 
Int .  Symposium  on  Applications  of  Ferroelectrics,  Minneapolis,  MN,  June 
1979. 

L. E.  Cross.  Phenomenological  Theory  for  PZT.  IEEE  Int.  Symposium  on  Applica¬ 

tions  of  Ferroelectrics,  Minneapolis,  June  1979. 

R.E.  Newnham,  D.  Skinner,  B.  Hardiman  and  K.  Klicker  (Invited)  Ferroelectric 

Ceramic:Plastic  Composites  of  Controlled  Macrostructure  for  Piezoelectric 
Applications.  IEEE  Int.  Symposium  on  Applications  of  Ferroelectrics, 
Minneapolis,  MN,  June  1979. 


L.  Bowen,  T.  Shrout,  W.  Schulze  and  J.  Biggers.  Piezoelectric  Properties  of 

Internally  Electroded  PZT  Multilayers.  IEEE  Int .  Symposium  on  Applica¬ 
tions  of  Ferroelectrics,  Minneapolis,  MN,  June  1979. 

D.A.  Hankey  and  J.V.  Biggers.  Calcining-Reaction  Kinetics  of  PZT  Compositions. 
81st  Annual  Meeting,  Amer.  Cer.  Soc.,  Cincinnati,  OH,  April  1979. 

H.  McKinstry,  A.  Amin  and  L.E.  Cross.  A  Thermodynamic  Gibbs  Function  for  the 
System  of  PZT  Piezoceramics.  81st  Annual  Meeting,  Amer.  Cer.  Soc., 
Cincinnati,  OH,  April  1979. 

M. B.  Holmes  and  R.E.  Newnham.  Preparation  of  Grain-Oriented  Ferroelectric 

Ceramics.  81st  Annual  Meeting,  Amer.  Cer.  Soc.,  Cincinnati,  OH,  April 
1979. 

A.  Amin,  R.E.  Newnham  and  D.E.  Cox.  Neutron  Diffraction  Refinement  of  Low- 
Temperature  Phase  in  the  PZT  System.  Amer.  Crystallogr.  Assoc.  Winter 
Meeting,  Honolulu,  HI,  March  1979. 

R.E.  Newnham.  Relaxor,  Improper  and  Secondary  Ferroic  Crystals.  Amer.  Crys¬ 
tallogr.  Assoc.  Winter  Meeting,  Honolulu,  HI,  March  1979. 

R. E.  Newnham.  Piezoelectric  Composites.  Amer.  Chem.  Soc.  Meeting,  Honolulu, 

HI,  March  1979. 

K.  Taka’nashi,  L.H.  Hardy,  R.E.  Newnham  and  L.E.  Cross.  Pyroeffect  in 

Pb5Ge30;Q  and  Pb5Ge2SiO;Q  Crystals  Prepared  by  Glass  Recrystallization. 
Second  Meeting  of  Ferroelectric  Materials  and  Their  Applications  (FMA  2) , 
Kyoto,  Japan,  May  1979. 

S.  Nomura,  K.  Tonooka,  J.  Kuwata,  R.E.  Newnham  and  L.E.  Cross.  Second  Meeting 

of  Ferroelectric  Materials  and  Their  Applications  (FMA  2),  Kyoto,  Japan, 
May  1979. 

K.  Uchino  and  L.E.  Cross.  A  High-Sensitivity  AC  Dilatometer  for  the  Direct 
Measurement  of  Piezoelectricity  and  Electrostriction.  33rd  Frequency 
Control  Symposium,  Atlantic  City,  NJ,  June  1979. 

Papers  listed  below  have  been  submitted  for  publication.  The  exact  status 
is  indicated  in  each  case. 

J. V.  Biggers,  T.A.  Shrout  and  W.A.  Schulze.  Densif ication  of  PZT  Cast  Tape 

by  Pressing.  Bull.  Amer.  Ceram.  Soc.  58^,  516  (1979). 

M.  Holmes,  R.E.  Newnham  and  L.E.  Cross.  Grain  Oriented  Ferroelectric  Ceramics. 
Bull.  Amer.  Ceram.  Soc.  58,  872  (1979). 

K.  Uchino  and  L.E.  Cross.  A  Very  Sensitive  AC  Dilatometer  for  the  Direct 

Measurement  of  Piezoelectric  and  Electrostr ictive  Constants.  Ferro¬ 
electrics  (accepted) . 

S.J.  Jang,  K.  Uchino,  S.  Nomura  and  L.E.  Cross.  Electrostrict ive  Behavior  of 
Lead  Magnesium  Niobate  Based  Ceramic  Dielectrics.  Ferroelectrics 
(.accepted)  . 


R. E.  Newnham,  D.  Skinner,  B.  Hardiman  and  K.  Klicker.  Ferroelectric  Ceramic: 

Plastic  Composites  of  Controlled  Macrostructure  for  Piezoelectric  Appli¬ 
cations.  Ferroelectrics  (accepted). 

L.  Bowen,  T.  Shrout,  W.  Schulze  and  J.  Biggers.  Piezoelectric  Properties  of 
Internally  Electroded  PZT  Multilayers.  Ferroelectrics  (accepted). 

T.  Takahashi,  L.H.  Hardy,  R.E.  Newnham  and  L.E.  Cross.  Pyroeffect  in 

Pb5Ge30n  and  Pb5Ge2SiOn  Crystal  Prepared  by  Glass  Recrystallization. 
Proc.  Second  Meeting  of  Ferroelectric  Materials  and  Their  Applications 
(FMA  2),  Kyoto,  Japan  (accepted). 

S.  Nomura,  K.  Tanooka,  J.  Kuwata,  R.E.  Newnham  and  L.E.  Cross.  Electrostric- 

tion  in  Pb(Mg^/3Nb2/3)03  Ceramics.  Proc.  Second  Meeting  of  Ferroelectric 
Materials  and  Their  Applications  (FMA  2),  Kyoto,  Japan  (accepted). 

K.  Uchino  and  L.E.  Cross.  A  High  Sensitivity  AC  Dilatometer  for  Direct  Mea¬ 
surement  of  Piezoelectricity  and  Electrostriction.  Proc.  33rd  Annual 
Frequency  Control  Symposium.  Atlantic  City,  NJ,  June  1979. 

K.  Uchino,  S.  Nomura,  L.E.  Cross,  S.J.  Jang  and  R.E.  Newnham.  Electrostric¬ 
tion  Effects  in  Lead  Magnesium  Niobate  Single  Crystals.  J.  Appl.  Phys. 
(accepted) . 

S.  Nomura,  J.  Kuwata,  K.  Uchino,  S.J.  Jang,  L.E.  Cross  and  R.E.  Newnham. 
Electrostriction  in  the  Solid  Solution  System  Pb(Mg2/ 3^2/3)03: 
Pb(Mg]Y2W]./2)03-  Phys.  Stat.  Sol.  (submitted). 


2 .  ELECTROSTRICTION 


2.1  INTRODUCTION 

To  reiterate  our  original  proposal,  the  primary  objectives  of  the 
studies  on  electrostriction  were 

(a)  To  develop  a  dilatometric  system  capable  of  measuring  the  exceed- 

_8 

ingly  small  (10  )  electrostrictive  strains  which  can  be  induced  in  simple 

solids  of  low  permittivity. 

(b)  To  develop  .in  parallel  with  the  experimental  program  the  lattice 
dynamical  theory  of  electrostriction  for  alkali  halides,  perovskites,  and 
other  simple  solids.  For  this  study  the  new  experimental  data  will  provide 
a  powerful  check  of  the  theoretical  development. 

(c)  To  extend  the  study  of  high  permittivity  perovskite  dielectrics 
with  relaxor: ferroelectric  properties  which  have  technologically  interesting 
strain: field  levels  so  as  to  contribute  to  the  understanding  of  the  basic 
cause  of  the  diffuse  phase  transition  and  the  associated  important  properties. 

2.2  EXPERIMENTAL  STUDIES 

2.2.1  AC  Dilatometer  Studies 

A  major  experimental  effort  is  being  devoted  to  the  completion  of  the 
ultrasensitive  AC  dilatometer  first  described  in  last  year's  annual  report. 
This  work  was  reported  at  the  33rd  Annual  Frequency  Control  Symposium  in 
Atlantic  City  in  June  1979.  A  copy  of  this  paper  is  attached  as  Appendix  1. 

A  second,  more  concise,  description  of  the  present  system  together  with 
calibration  data  and  a  new  study  of  d^  i-n  PVF2  was  presented  at  the  ISAF  79 
in  Minneapolis,  also  in  June,  and  is  included  as  Appendix  2.  These  initial 
polymer  studies  presented  at  ISAF  79  have  now  been  extended  and  the  non¬ 
linearity  in  d^j  correlated  with  the  electrostriction.  A  paper  describing 
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this  work,  which  was  carried  out  in  cooperation  with  Dr.  Charles  Hicks  of 
Naval  Ocean  Systems  Command,  San  Diego,  has  been  prepared  as  a  paper  for 
submission  to  the  Journal  of  Applied  Physics  and  is  presented  in  this  report 
as  Appendix  3. 

In  very  brief  summary: 

(a)  An  AC  dilatometer  has  been  constructed  that  is  capable  of  resolving 

-13  -3  ° 

displacements  of  10  m  (10  A) . 

(b)  A  capacitance  calibrator  has  been  built  and  used  to  check  d^  for 
quartz,  giving  values  within  1%  of  accepted  value. 

(c)  Comparative  measurements  have  been  made  between  quartz,  wurtzite,  and 
berlinite  to  establish  both  direct  and  relative  measurement  methods. 

(d)  Electrostriction  has  been  measured  in  Pb3MgNb20g  ceramic  and  is 
close  to  the  value  determined  from  LVDT  studies  on  the  same  material. 

(e)  Direct  measurements  have  been  made  of  d^  and  the  nonlinearity  in 
d^  for  several  types  of  polyvinylidene,  and  related  to  the  electrostriction 
in  this  material. 

Having  established  unequivocally  the  principle  of  the  AC  dilatometric 
method  and  demonstrated  its  capability  with  known  piezoelectrics,  electro- 
strictors  and  polymers,  we  are  now  moving  to  measurements  on  alkali  halides 
and  other  low-permittivity  electrostrictors .  In  this  work,  new  problems 
have  arisen  which  appear  to  be  associated  with  the  effects  of  the  Maxwell 
stresses  and  electrostrictive  deformations  of  the  holder  structure  under 
the  very  high  voltages  now  required  for  these  measurements . 

The  initial  design  of  dilatometer  used  supported  the  high-potential 
electrode  of  the  electrostrictor  under  study  on  a  thick  lucite  (PMMA)  plate. 
High,  obviously  spurious,  values  of  the  apparent  Q  coefficients  were  then 
traced  to  the  fact  that  PMMA  has  electrostriction  Q  constants  more  than  an 
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order  of  magnitude  larger  than  in  the  alkali  halides  and  field  related  M 
constant  more  than  two  orders  larger. 

In  the  course  of  seeking  an  alternate  support  insulator,  data  were 
assembled  from  all  possible  sources  regarding  values  in  insulators. 

Reliable  values  for  this  number  are  available  from  measurements  of  the  hydro¬ 
static  pressure  dependence  of  the  dielectric  stiffness.  A  correlation  between 
the  electrostriction  and  other  measured  properties  likely  to  be  controlled 
by  the  lattice  anharmonicity  was  then  sought.  In  Figure  1,  the  log  of  is 
plotted  versus  the  log  of  thermal  expansion  a,  and  in  Figure  2  a  similar  plot 
of  versus  isothermal  compressibility  is  presented.  While  the  relations 
are  not  exactly  linear,  a  marked  general  trend  is  evident,  i.e.  soft  high- 
expansion  solids  like  polymers  might  have  constants  three  orders  of  mag¬ 
nitude  larger  than  the  hard  low-expansion  Pb(Mg^^Nb^^)0^ . 

In  fact,  of  course,  for  the  holder  structure  it  is  the  electrostrictive 
M  constant  which  is  of  importance,  and  for  linear  solids 

Mijmn  =  Qijkl\jnnl 

where  r,^  and  are  the  appropriate  dielectric  sus  -eptibilities .  Thus  for 
exceedingly  low  electrostrictive  response  under  high  driving  fields  we  require 
a  very  stiff  solid  of  low  thermal  expansion  and  low  dielectric  susceptibility 
(permittivity).  Fused  silica  appears  most  suitable. 

A  new  sample  holder  has  now  been  designed  for  the  dllatometer  on  a 
coaxial  configuration  which  produces  a  radial  electrostrictive  stress  normal 
to  the  direction  of  measurement,  with  a  broad  fused  silica  ring  insulator. 

Measurements  are  now  proceeding  on  samples  of  fused  silica  to  confirm 
the  low  Q  constants  expected. 

In  the  alkali  halide  crystals  NaCl,  K.C1  measurements  in  the  new  holder 
show  a  strong  frequency  dependence  of  induced  strain.  High  frequency  values 


Correlation  between  Electrostriction 
and  Thermal  Expansion 


Figure  1 


Isothermal  compressi bi ! i ty  Xj  (m^N  ') 
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are  within  a  factor  of  3  of  those  measured  earlier  by  Bohaty  and  Haussuhl. 

We  believe  that  the  high  low  frequency  values  may  have  an  origin  in  dielectric 
heating  due  to  a  grossly  hydrated  surface  layer.  New  very  low  frequency 
dielectric  loss  measurements  are  being  carried  out  to  check  this  possibility. 


2.2.2  Electrostriction  in  Relaxor  Ferroelectrics 

Work  on  the  PbCMg^^frt^y 3)^3  based  relaxor  ferroelectrics  for  electro- 
strictive  applications  was  initiated  under  an  earlier  DARPA:ONR  joint  funding 
(N00014-76-C-0515) .  A  number  of  tasks  initiated  on  that  program  have  now 
been  completed.  Technological  properties  of  interest  in  Pb^Mg^I^^g.-PbTiO^ 
solid  solutions  are  discussed  in  Appendix  6  and  joint  work  with  Dr.  S.  Nomura 
and  colleagues  on  this  system  which  was  presented  at  the  applications  meeting 
in  Kyoto,  Japan  (FMA  2)  is  given  in  Appendix  9.  The  extensive  work  we  have 
performed  on  electrostriction  has  also  been  summarized  for  presentation  to 
colleagues  in  Japan  by  Dr.  K.  Uchino  in  a  paper  in  Japanese  submitted  to  the 
Japanese  Journal  of  Electronic  Ceramics  which  is  included  as  Appendix  4. 

Recent  studies  have  now  focused  more  on  the  physical  explanation  of  the 
response  in  these  relaxor  systems.  The  low  values  of  the  averaged  Q  in 
ceramics  have  been  shown  to  increase  rapidly  with  Pb 2^®1  / ^ ^ ^3  content 
(Appendix  7)  as  is  the  case  also  in  the  PbMg^^N^2/3<^3 ' system  (APPen“ 
dix  6) .  That  the  low  values  are  not  due  to  an  unusual  cancellation  in  the 
ceramic  average  Q's  has  been  clearly  demonstrated  by  measurements  on 
(Pb(Mg^y2^>2/3^®3  s^n8-*-e  crystals  (Appendix  5)  .  It  has  also  been  shown  that 
a  coherent  and  self-consistent  explanation  can  be  given  for  the  elasto: 
dielectric  behavior  of  the  perovskite  relaxors  if  it  is  assumed  that  the 
constant  A  in  the  formula 


“TO  ■  A(T-Tc> 
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which  describes  the  temperature  dependence  of  the  soft  transverse  optic 
lattice  mode  frequency  in  these  crystals  is  almost  an  order  of  magnitude 
smaller  than  in  normal  sharp  transition  ferroelectrics . 

In  a  new  fundamental  attack  on  the  origins  of  the  diffuse  transition, 
crystal  chemical  arguments  suggested  that  the  compound  pt5^ci/2Tal/2^°3 
should  be  just  on  the  limit  of  stability  of  ordering  for  the  B  site  cations. 
For  this  compound  it  has  now  been  shown  that  the  diffuseness  of  the  tran¬ 
sition  at  Tc  can  be  modified  by  thermal  treatment,  and  the  thermal  and 
dielectric  diffuseness  related  to  the  degree  of  structural  ordering  of 
the  B  site  cations  (Figures  3,4) . 

Single  crystals  of  Pb(ScQ  ^-Ta^  5)^3  have  been  grown  by  a  flux  method, 
and  for  suitable  heat  treatments  ordered  and  disordered  B  site  arrangements 
produced  and  shown  to  correspond  to  sharp  and  diffuse  behavior  of  the  weak 
field  dielectric  permittivity  (Figure  5.) 

High  field  hysteresis  behavior  also  correlates  with  sharp  and  diffuse 
transition  behavior.  We  believe  that  these  and  additional  studies  that 
are  now  going  forward  on  this  material  will  provide  for  the  first  time  a 
clear  indication  of  the  nature  and  scale  of  the  microheterogeneity  in  the 
disordered  perovskite  systems  which  leads  to  the  interesting  relaxor 
properties . 

2.3  LATTICE  THEORY  OF  ELECTROS TRICTION 

2.3.1  Purpose  of  Research 

The  objective  of  these  investigations  is  to  understand  the  effect  of 
crystal  structure  and  composition  on  the  electrostriction  coefficients  of 
crystalline  ionic  solids  in  order  to  optimize  the  electrostriction  coeffi¬ 
cients  and,  ultimately,  in  order  to  maximize  the  electromechanical  coupling 
factors  of  ferroelectric  materials  derived  from  centric  prototypes  via  a 
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Figure  5.  Dielectric  constant  at  different 
frequencies  for  ordered  and  dis¬ 
ordered  PST  single  crystals. 


systematic  molecular  engineering  approach. 


Progress  during  the  present  contract  period  encompasses  the  following 
items: 

2.3.2  Technical  Results 

2. 3. 2.1  Lattice  Dynamical  Framework 

The  most  comprehensive  lattice  theory  of  the  elastic  dielectric 
is  due  to  Srinivasan\  who  has  given  general  expressions  for  the  photoelastic, 
electrostriction,  and  nonlinear  dielectric  susceptibility  constants.  All 
subsequent  applications  are  based  on  this  treatment  and  deal  with  the  fluor- 

2  6  3_5  y  ^ 

ite  ’  ,  rocksalt  ’  and  cesium  chloride  structures.  None  of  the  theoretical 
models  considered  so  far  gives  good  agreement  for  the  electrostriction  coeffi¬ 
cients  . 

The  theoretical  treatment  of  Srinivasan^  is  based  on  the  rigid  ion  model. 
Generalization  to  the  shell  model  (SM)  is  achieved  by  treating  the  shells  as 
additional  rigid-ion  sublattices  of  zero  mass.  This  implies  that  the  shell- 
sublattices  are  partly  restricted  to  the  harmonic  approximation,  in  so  far 
as  the  shell  model  parameters  (shell  charges  and  core-shell  coupling  constants) 
are  constants,  and  no  anharmonicity  other  than  that  arising  from  Coulomb  and 
short  range  shell-shell  repulsion  is  included. 

To  provide  a  more  general  theoretical  framework,  and  a  more  rigorous 
derivation  which  would  be  free  from  these  limitations  we  have  derived  the 
nonlinear  constitutive  relations  of  the  elastic  dielectric  from  lattice 
theory  by  using  the  shell  model  equations  from  the  outset.  The  results  are 
general  for  any  anharmonic  SM  in  which  anharmonicity  of  both  inter-ionic  and 
intra-ionic  forces  (such  as  nonlinear  core-shell  coupling  or  deformation 
induced  charge  transfer  effects)  may  be  present.  In  the  following  a  short 
outline  will  be  given  of  the  method  used  and  the  results  obtained.  Although 
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general  results  valid  for  non-centrosymmetric  crystal  structures  have  been 
obtained,  for  simplicity  only  centrosymmetric  (non-piezoelectric)  crystal 
structures  will  be  considered  here. 

The  derivation  of  the  electrostriction  constants  is  based  on  the  long 
wavelength  method  as  applied  to  the  equations  of  motion  in  the  presence  of 
a  macroscopic  electric  field.  Using  the  approach  and  the  nomenclature  of 

g 

Cowley  the  time-independent  equations  of  motion  for  a  periodic  motion  in  the 
approximation  of  the  SM  are  given  by 

U)2  MU  =  AU  +  BW  -  21  (2.1a) 

0  =  20  +  DW  -  YE  (2.1b) 


U,  W,  E  (with  U  =  {Ua(<)},  a  =  1,2,3;  k  =  1,2,... s:  etc)  denote  vectors  of 
rank  3s  (s  =  number  of  ions  per  unit  cell)  specifying  the  amplitudes  of  the 
displacements  of  the  cores  and  of  the  shells  and  the  amplitude  of  the  macro¬ 
scopic  electric  field  pertaining  to  all  sublattices,  respectively,  ft,  Z  and  ¥ 
(with  ft  =  {M(x)6ag6KK,}  etc)  are  diagonal  matrices  of  rank  3s  pertaining  to 
the  masses,  to  the  total  ionic  charges  and  to  the  shell  charges,  respectively. 
A,  B,  2  and  D  (with  A  =  {Ay^1^')}  etc)  are  matrices  of  rank  3s  given  by 


A  =  R  +  ZCZ 

(2.2a) 

g  =  *£  +  1CZ 

(2.2b) 

i+  =  B* 

(2.2c) 

d  =  3  +  ?5y 

(2. 2d) 

The  matrices  K,  ^  3  describe  short  range  interactions,  and  the  terms  involving 
the  Coulomb  matrix  C  describe  the  electrostatic  interactions  between  the  point 
charges  and  the  dipoles. 

Using  the  definition  for  the  components  of  the  polarization  vector 
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Pa  =V~  I{2uV<)  +  (YW)a(<)} 

c  < 


(2.3) 


(Vc  =  volume  per  unit  cell)  one  obtains  after  performing  the  long  wavelength 
expansion  and  eliminating  the  shell  displacement  W  the  following  expressions 
for  the  high  frequency  limit  and  the  static  limit  of  the  dielectric  suscepti¬ 
bility  tensor  x  =  (X^)  (*,J  =  1,2,3): 


=  Cto"1?] 


C  KK  ' 


x°  =  m~h  +  ?d-1?] 

c  kk' 


(2.4a) 


(2.4b) 


The  sums  are  over  all  s  sublattices,  so  that  the  result  in  each  case  is  a  3  x  3 
matrix.  The  quantity 


X  =  2  -  BD  Y 


is  an  effective  charge  matrix,  and 


L  =  A  ~  BD  1B+ 


(2.3a) 


(2.5b) 


an  effective  interaction  matrix. 

For  a  strained  crystal  the  coupling  matrices  X,B,C,B  and  the  shell  charge 
matrix  ?  are  functions  of  the  Lagrangian  strain  tensor  n  =  (h^)  •  to  first 
order  this  dependence  is  given  by 


X(n)  =  S  +  Sfj 


(2.6) 


etc,  where  the  coefficient  matrices  X,  etc,  depend  on  the  anharmonic  coupling 
parameters.  Using  the  perturbation  expansion  for  U,W,E  and  oj  with  respect  to 
the  strain  components  up  to  first  order  according  to 


u(n)  =  u  +  On 


(2.7) 


etc, and  proceeding  in  the  same  manner  as  outlined  above  for  the  strain-free 


crystal  one  obtains  the  following  expressions  for  the  photoelastic  tensor 
r  =  OX^/^^)  and  for  the  electrostriction  tensor  x°  =  : 

r  =  f  I  {-[^_1Bb-1y]  + 

c  «' 

+[YS_1?]  +  x°I  (2.8a) 

c 

{-[X£-1£E-1X]  -  [y5-16B-1?] 

c  «' 

+  [XE_1X]  +  [XE_1X]  +  [YD_1Y]  +  [?e_1Y]}+^-  x°.I  (2.8b) 

c 

Here  I  =  {6^}  denotes  the  unit  tensor  of  rank  three.  Eqs  (2.8a)  and  (2.8b) 

are  the  desired  result.  They  show  no  resemblance,  however,  to  Srinivasan '  s"1- 

equation  (3.51).  In  fact,  they  constitute  an  alternative  solution  to  the 

problem  and  have  the  advantages  of  higher  generality,  simplicity  and  greater 

lucidity  in  displaying  the  physical  origin  and  the  nature  of  the  individual 

contributions  in  the  final  expression. 

We  have  verified  that  numerical  application  of  eqs  (2.8)  to  the  rocksalt 

structure  for  a  conventional  rigid  shell  model  (¥  =  const;  ¥  =  0)  gives  results 

2 

identical  to  those  obtained  by  Srinivasan  and  Srinivasan  .  At  this  point  it 

2 

should  be  noted  that  Srinivasan  and  Srinivasan  state  without  proof  that  a 

factor  1/2  should  be  added  to  the  last  additive  term  in  eq  (3.51)  of  Srinivasan^, 

2 

and  their  numerical  results  are  based  on  the  revised  equation.  We  have  also 
independently  derived  this  correct  equation,  with  the  factor  1/2  included. 

It  follows  that  for  the  special  case  of  a  rigid  shell  model  the  above  eqs  (2.8) 
are  equivalent  to  the  corrected  form  of  Sr inivasan ' s^  eq  (3.51),  with  the 


factor  1/2  included. 


x3* 
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2. 3. 2. 2  Application  to  Rocksalt  Structure 

As  mentioned  in  our  First  Semiannual  Report  on  the  present  contract, 
none  of  the  existing  theoretical  models  gives  satisfactory  agreement  for  the 
photoelastic  and  electrostriction  coefficients  of  rocksalt  type  alkali  halides. 
Possible  causes  for  the  deficiencies  of  these  models  are  (a)  that  purely  har¬ 
monic  models  for  the  electronic  polarizability  are  used,  and  (b)  that  many- 
body  effects  in  the  short  range  interactions  are  included,  if  at  all,  in  an 
inadequate  manner.  To  investigate  the  first  of  these  possibilities  we  have 
for  the  rocksalt  structure  considered  several  anharmonic  shell  models  in  which 
the  anharmonicity  of  the  intraionic  forces  is  included  in  addition  to  the 
anharmoniclty  of  the  interionic  forces. 

The  most  obvious  way  to  introduce  intraionic  anharmonicity  is  to  add  a 

3  4  9  1 

cube  term  k’W  or  a  quartic  term  k"W  to  the  core-shell  interaction  potential  ’ 

It  can  be  shown  from  symmetry  arguments,  however,  that  for  the  rocksalt  struc¬ 
ture  the  cube  term  does  not  arise.  The  quartic  term,  on  the  other  hand,  does 
not  enter  the  first  order  electrostriction  coefficient  x»  as  given  by  eq  (2.8b), 
but  becomes  apparent  only  in  the  second  order  electrostriction  coefficients. 

A  mechanism  for  intraionic  anharmonicity,  which  for  the  rocksalt  structure 
does  affect  the  first  order  electrostriction  coefficient,  consists  of  a  strain 
dependent  shell  charge  according  to  (tensor  notation): 


vw  ■  Y°6U  +  Wki 


(2.9) 


Eq  (2.9)  describes  intraionic  core-shell  charge  transfer  under  the  influence 
of  a  strain  .  Y°  denotes  the  shell  charge  in  the  absence  of  strain.  For 
the  cubic  symmetry  pertaining  to  the  rocksalt  structure  there  are  three 
independent  components  of  the  fourth  rank  charge  transfer  tensor  Y^ 
namely  (in  Voigt  notation)  Y^,  Y^»  and  Y44  ' 


,  .1— 
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We  have  incorporated  the  charge  transfer  mechanism  defined  by  Eq  (2.9) 
into  a  shell  model  for  rocksalt-type  materials  in  which  general  noncentral 
short  range  force  between  nearest  neighbors,  central  forces  between  neighbor¬ 
ing  anions,  and  the  polarizability  of  the  anions  are  included.  The  model 
contains  six  harmonic  and  five  anharmonic  parameters.  The  harmonic  para¬ 
meters  are,  in  the  nomenclature  explained  in  our  First  Semiannual  Report, 
the  nearest  neighbor  short  range  constants  A^,  B^,  the  second  neighbor  short 
range  constants  A^,  B2,  the  anion  core-shell  coupling  constant  k,  and  the 
anion  shell  charge  Y° .  The  anharmonic  parameters  are  the  short  range  para¬ 
meters  and  pertaining  to  first  and  second  neighbor  interaction,  respect¬ 
ively,  and  the  charge  transfer  parameters  Y^,  and  Y^ .  Numerical  appli¬ 

cation  to  the  alkali  halides  was  made  by  fitting  the  harmonic  parameters  to 
the  three  elastic  constants,  to  the  static  and  to  the  high  frequency  limit 
of  the  dielectric  constant,  and  to  the  transverse  optical  frequency.  The 
anharmonic  parameters  were  fitted  to  the  first  pressure  derivatives  of  the 
elastic  constants  c^  and  c  ,  and  to  the  three  photoelastic  constants. 

In  Table  1  the  calculated  results  are  compared  with  the  experimental  data 
for  the  photoelastic  constants'*"'''  (in  Voigt  notation) 
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and  of  the  electrostriction  constants 
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(2.10) 
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For  comparison  the  theoretical  results  of  Goyal  et  al^  are  also  included  which 
are  based  on  a  shell  model  with  angle  bending  forces. 

It  is  apparent  that  the  present  model  allows  a  perfect  fit  for  the  photo¬ 
elastic  constants,  whereas  for  the  model  of  Goyal  et  al^  discrepancies  up  to  a 


Comparison  of  experimental  and  theoretical  values  of  photoelastic  constants  pyV  (dimensionless^ 
and  first-order  electrostriction  coeffcients  fnv>  (in  10“10  nv_2)  for  four  alkali  halides. 
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factor  of  two  occur.  For  the  electrostriction  constants  both  the  present 

results  and  those  of  Goyal  et  al  show  considerable  deviations  from  the  experi- 
12 

mental  data  ,  especially  for  f  and  f^.  Moreover,  in  spite  of  the  inclusion 

of  intraionic  anharmonicity  the  calculated  electrostriction  constants  do  not 

differ  drastically  from  values  calculated  on  the  basis  of  a  rigid-shell  model 

with  many-body  forces  included^.  One  may  therefore  conclude  (a)  that  the 

12 

experimental  electrostriction  data  for  the  alkali  halides  are  probably 

seriously  in  error,  (b)  that  inclusion  of  intraionic  anharmonicity,  while 

essential  for  the  photoelastic  constants,  is  only  of  minor  importance  for  the 

electrostriction  constants,  and  (c)  that  the  effect  of  many-body  forces,  while 

apparent  in  the  second  and  third  order  elastic  constants,  is  only  small  for 

the  electrostriction  constants,  at  least  in  alltali  halides. 

To  substantiate  the  last  conclusion  (c)  we  have  applied  Keating's  model  of 
13 

angle  bending  forces  up  to  third  order  in  the  four  anion-cation-anion  angles 
of  the  rocksalt  structure.  The  results  indicate  that  as  a  result  of  the  crystal 
symmetry  these  angle  bending  forces  do  not  contribute  to  the  anharmonic  poten¬ 
tial  energy  in  the  rocksalt  structure.  Thus  the  many-body  forces  present  in 
the  rocksalt  structure  must  be  of  a  more  general  nature. 

2 . 3 . 2 . 3  Application  to  Perovskite  Structure 

The  lattice  dynamical  framework  has  also  been  applied  to  the  perov¬ 
skite  structure  ABO^  on  the  basis  of  a  rigid-shell  model,  with  the  electronic 
polarizability  of  all  three  ions  taken  into  account.  Numerical  application 
to  SrTiO^  has  been  made  by  taking  into  account  the  thermal  contribution  from 
the  soft  zone  center  optic  mode  in  an  empirical  manner.  Good  overall  agree¬ 
ment  for  all  first  order  anharmonic  coefficients  (third  order  elastic  constants 
and  electrostriction  constants)  can  be  obtained  with  only  one  empirical  para¬ 
meter  (i.e.  the  third  derivative  of  the  short  range  repulsive  potential  for 
the  Ti-0  interaction)  if  the  third  derivatives  of  the  short  range  repulsive 


interaction  for  the  Sr-0  and  for  the  0-0  interaction  are  determined  by  means 
of  a  Born-Mayer  potential.  The  results  indicate  (a)  that  the  various  first 
order  anharmonic  coefficients,  especially  the  (largest)  third  order  elastic 
constant  c^,^  and  the  hydrostatic  electrostriction  coefficient  Q^,  can  be 
consistently  accounted  for  on  the  basis  of  the  model  used,  (b)  that  the  Sr-0 
and  the  0-0  overlap  repulsive  interactions  are  of  comparable  magnitude,  but 
that  the  Ti-0  interaction  is  the  dominant  interaction  and  is  over  ten  times 
larger  than  the  other  two  first-neighbor  interactions,  (c)  that  the  hydro¬ 
static  electrostriction  coefficient  depends  quite  sensitively  on  the  third 
derivative  of  the  Ti-0  repulsive  interaction,  and  that  this  interaction  is 
not  well  represented  by  the  Born-Mayer  potential  form,  and  (d)  that  to  a 
good  approximation  the  electrostrictive  constants  are  determined  by  only  one 
anharmonic  parameter,  namely  the  third  derivative  of  the  Ti-0  repulsive 
interaction. 

2.3.3  Plans  for  Next  Year 

The  results  obtained  clearly  demonstrate  the  feasibility  of  the  approach 
chosen,  and  it  is  hoped  that  the  theory  can  be  extended  to  predict  trends  of 
the  electrostriction  constants  for  isostructural  compounds  even  if  no  experi¬ 
mental  data  (or  only  a  few)  are  available  for  the  determination  of  the  model 
parameters.  For  this  purpose  it  may  be  necessary  to  improve  the  previously 
used  models  by  including  many-body  effects  and/or  intraionic  anharmonicity, 
and  to  extend  the  general  theory  so  as  to  include  thermal  effects  in  a  con¬ 
sistent  manner.  Applications  are  envisaged  for  members  of  the  perovskite 
family  of  compounds  and,  if  successful,  for  other  crystal  structures. 
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3.  PIEZOELECTRIC  COMPOSITES 


The  second  major  area  of  study  on  the  present  ONR  contract  has  been 

devoted  to  expanding  and  exploiting  the  development  of  new  types  of  compo- 

(1  2) 

site  material  for  transducer  applications.  Earlier  studies  ’  have  already 

established  the  cardinal  importance  of  phase  interconnection  (connectivity) 

in  piezoelectric  composites,  and  led  to  the  development  of  3:3  and  3:1 

(3) 

connected  materials  fabricated  by  the  replamine  technology  which  show 
exceptional  g^  and  g^  coefficients  of  potential  interest  for  hydrophone 
systems . 

New  work  has  been  concerned  with  developing  model  materials  with  pre¬ 
cisely  controlled  macrostructure,  so  as  to  test  and  verify  the  predicted 
properties,  with  establishing  a  much  simplified  processing  technology  which 
closely  mimics  the  replamine  characteristics  and  with  additional  studies  of 
potential  applications  for  internally  electroded  PZT  and  other  lamellar 
composite  structures. 

A  concise  summary  of  many  c f  the  present  composite  approaches  was 
presented  as  an  invited  paper  at  ISAF  1979  in  Minneapolis,  and  is  included 
as  Appendix  10  to  this  report. 

3.2  PZT:  PLASTIC  COMPOSITES 

3.2.1  Composites  with  Very  High  Hydrostatic  Sensitivity 
A  simple  extrusion  technique  has  been  used  to  develop  PZT  rods  with 
controlled  diameters  in  the  range  800  to  200  ymeters,  and  PZT: epoxy  compo¬ 
sites  of  very  regular  3:1  phase  connection  fabricated.  Data  from  these 
studies  presented  in  Appendix  11  verify  the  earlier  proposed  composite  model 
and  show  that  materials  with  g^  dh  product  almost  100  times  larger  than  that 
that  of  the  single  PZT  phase  can  be  developed. 


In  a  concurrent  processing  study  discussed  in  Appendix  12,  a  very 
simple  technique  is  described  which  permits  the  fabrication  of  a  low  density 
PZT: plastic  composite  with  dominantly  3:3  connectivity  which  closely  mimics 
the  properties  of  the  original  replamine  form  materials.  We  note  that  a 
somewhat  similar  product  has  recently  been  produced  by  Dr.  K.  Okazaki  of 
the  Defense  Academy  in  Yokosuka,  Japan^^  which  also  has  g^  d^  product 
superior  to  the  constituent  PZT  phase. 

Current  studies  are  concerned  with  possible  techniques  for  further 
improving  the  hydrostatic  performance  as  follows: 

By  laying  up  the  PZT  rods  along  three  orthogonal  axes  and  poling  from 
surface  electrodes,  a  solid  with  three  effective  orthogonal  polar  axes  has 
been  developed. 

Cursory  assessment  would  suggest  that  a  unit  cube  of  this  composite  could 
be  electroded  on  all  six  faces  and  the  face  electrodes  series  connected  in 
such  a  manner  as  to  generate  under  hydrostatic  pressure  three  times  the 
voltage  of  a  single  3:1  connected  array.  Preliminary  experiments,  however, 
show  that  in  fact  the  voltage  generated  is  even  further  enhanced,  due  to  the 
fact  that  tnc  orthogonal  PZT  elements  provide  considerable  relief  of  the 
radial  stress  components  on  the  PZT  rods. 

The  triaxial  polar  composite  is  only  one  of  a  number  of  composites  that 
would  have  no  simple  ceramic  or  single  crystal  equivalent,  that  can  be  fabri¬ 
cated  from  the  PZT  rod  structures,  and  we  are  now  studying  a  number  of 
arrangements  using  both  straight  and  curved  rods,  coils,  and  helical  struc¬ 
tures.  To  avoid  some  of  the  complexities  associated  with  poling  the  PZT  from 
surface  electrodes  we  have  devised  a  continuous  poling  technique  for  the 
unsupported  rod  or  fiber. 
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In  the  initial  set-up,  two  pools  of  lead  bismuth  eutectic  alloy  solder 
were  maintained  by  surface  tension  in  small  circular  holes  drilled  through 
two  thin  copper  plates  spaced  some  2  to  4  mm  apart  in  a  high  temperature  oil 
bath  (150°C) .  The  copper  plates  are  insulated  from  each  other  and  main¬ 
tained  at  a  potential  difference  of  3  ^  5  K  Volts.  The  PZT  fiber,  attached 
to  a  fine  wire,  is  threaded  through  the  two  holes  and  pulled  vertically  at 
speeds  up  to  0.5  mm/minute.  The  solder  does  not  wet  PZT,  but  makes  a  suffi¬ 
cient  contact  with  the  surface  to  pole  the  PZT  longitudinally.  PZT  501A  rods 
with  diameters  from  10-25  mils  have  been  poled  to  saturation  by  this  method. 

The  solder  does  require  rather  careful  handling,  and  recently  we  have 
found  that  a  high  density  carbon  foam  attached  to  the  copper  plate  in  place 
of  the  solder  dot  makes  quite  adequate  contact  for  poling  at  80°C  using  the 
same  conditions  of  separation,  field,  and  pulling  speed. 

We  are  now  experimenting  with  similar  contact  schemes  for  poling  more 
complex  coil,  spiral,  and  helical  shapes,  and  with  longer  parallel  contacts 
for  longitudinal  surface  poling  of  long  tape  cast  PZT  sheets. 

3.2.2  Composites  with  High  d33 

Two  types  of  composite  structure  are  being  explored  which  appear  to 
offer  the  possibility  of  enhancing  the  effective  d^  over  that  of  the  parent 
PZT  phase. 

3. 2. 2.1  Dimpled  PZT  Sheet: Epoxy  Plastic 

The  dimpled  structure  is  made  by  pressing  a  green  tape  cast  PZT 
lightly  over  a  mold  of  regularly  spaced  steel  ball  bearings.  This  green 
sheet  is  then  fired  to  retain  the  dimpled  structure  and  cast  into  a  Spurrs 
epoxy.  After  potting  top  and  bottom  surfaces  parallel  to  the  plane  of  the 
dimpled  ceramic,  sheets  are  carefully  ground  down  so  as  to  expose  the  tips 
and  bases  of  the  PZT  dimples  then  electroded  with  air-drying  silver  paint. 
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Initial  data  are  summarized  in  Table  2. 


Table  2 


Sample 

Number 

Ball 

Diameter 

Array 

Elements 

Number 

Measured 

(xlO“12M/V) 
Best  d33 

(xl0-12M/V) 
Average  d33 

1 

1/8" 

20 

20 

1039 

561 

2 

3/16" 

9 

5 

980 

585 

3 

1/4" 

4 

4 

1273 

611 

All  measurements  were  taken  using  a  nominal  12  mil  tape  thickness. 

Clearly  more  data  are  required  to  make  any  definite  conclusions,  but  it 
may  be  noted  that  even  the  averaged  values  of  d^  are  significantly  higher 
than  d33  for  the  PZT5A  a,  400  10~12  M/V. 

In  the  second  type  of  structure,  techniques  for  making  PZT  spheres  of 
uniform  size  are  being  explored,  with  the  objective  of  generating  thin  sheet 
composites  essentially  1  sphere  thickness.  So  far,  the  best  results  have 
been  obtained  using  a  PZT:wax  composition,  held  at  a  temperature  well  above 
the  melting  point  of  the  wax  and  dripped  at  a  constant  rate  into  a  warm  water 
bath.  By  careful  control  of  the  temperature  and  drip  rate  of  the  PZT:wax, 
and  of  the  cooling  water,  spherical  particles  of  very  uniform  size  were 
generated. 

After  a  slow  burn-out  of  the  wax,  a  short  sintering  cycle  on  a  support 
of  loose  PZT  powder  provided  the  final  spherical  particles.  A  typical  com¬ 
posite  made  up  using  microspheres  in  a  Spurrs  Epoxy  potting  compound  is 
shown  in  Figure  6. 

3.3  CERAMIC: CERAMIC  COMPOSITES 

Tape  casting  methods  have  been  used  to  produce  a  range  of  composite  and 


of  internally  electroded  PZT  and  materials.  Typical  appli¬ 

cations  using  the  impedance  adjustment  which  such  multilayer  structures  afford 
for  both  static  and  resonant  applications  are  discussed  in  Appendix  13.  The 
principle  of  using  multilayer  techniques  with  Pb(Mg^y 3^2/3^ °3" 

PbTiO^}  composites  to  control  the  temperature  dependence  of  the  effective  elastic 
compliances  in  resonant  structures  is  discussed  in  Appendix  14.  It  is  shown 
that  a  rather  precise  cancellation  between  positive  and  negative  temperature 
coefficients  can  be  effected  by  a  suitable  choice  of  components  and  an  added 
stabilization  against  depoling  developed. 

Stemming  from  these  early  studies,  it  was  also  evident  that  the  polariza¬ 
tion  level  above  the  T^  range  in  the  relaxor  can  strongly  affect  the  clamped 
elastic  compliance  (antiresonant  frequency) .  The  effect  suggests  a  significant 
role  for  the  6th  order  electrostriction  constants  which  will  be  discussed 
further  in  the  section  dealing  with  phenomenological  theories . 
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4.  GRAIN  ORIENTED  CERAMICS 

Effort  on  this  topic  has  been  confined  primarily  to  the  development 
of  a  technique  for  cost-effective  fabrication  of  oriented  grain  structures. 
Using  a  eutectic  molten  salt  process  (Appendix  15)  it  has  been  demonstrated 
that  'c'  axis  oriented  ceramics  can  be  fabricated  from  microcrystalline- 
shape  anisotropic  particles  precipitated  in  the  compositions  Bi^Ti^O^  and 
B^WO^  by  simple  tape  casting.  X-ray  studies  have  confirmed  100%  orientation 
of  'c'  normal  to  the  plane  of  the  cast  sheet.  Attempts  to  pole  the  aniso¬ 
tropic  samples  in  these  systems  have,  however,  been  frustrated  by  the  very 
high  coercivity  and  the  rapidly  rising  conductivities  with  increasing  tem¬ 
perature  in  i.oth  systems. 

Current  studies  are  now  focusing  on  the  preparation  of  PbB^lft^Og. 

This  material  has  a  lower  transition  at  275°C  which  might  aid  markedly  in 
the  poling. 

Arrangements  are  now  being  made  to  exchange  samples  and  information 
with  Dr.  K.  Okazaki  at  the  Defense  Academy  in  Yokosuka.  His  group  has  been 
fabricating  similar  grain  oriented  layer  structure  materials  by  hot  extrusion 
processing.  This  exchange  of  information  will,  we  hope,  speed  up  our  work 
in  this  whole  topic  area  and  provide  an  interesting  effective  intercomparison 
of  two  completely  different  processing  techniques  which  achieve  almost  iden¬ 
tical  orientation  factors. 


.1 
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5.  CRYSTAL  GROWTH 

5.1  INTRODUCTION 

The  flux  growth  facility  described  in  our  initial  annual  report  has 
been  in  continuous  operation  over  the  full  contract  period.  Emphasis  has 
been  on  the  growth  of  crystals  in  the  PZT  solid  solution  family  and  of  relaxor 
ferroelectrics  of  perovskite  structure. 

Over  the  contract  period,  the  group  has  provided  assistance  to  establish 
a  new  constant  diameter  control  Czochralski  pulling  equipment  that  will  be 
vital  for  continuing  studies  of  the  tungsten  bronze-type  crystals. 

5.2  PEROVSKITE  TYPE  CRYSTALS 

5.2.1  PZT  Compositions 

Growth  attempts  were  concentrated  on  compositions  with  Zr/Ti  ratio 
close  to  morphotropy.  The  approach  was  not  aimed  to  produce  large  samples, 
but  to  develop  small  homogeneous  crystals  that  would  be  of  sufficient  quality 
for  optical  and  microdielectric  measurements.  Flux  systems  that  were  tested 
included: 

PbF2  -  KF  -  Pb3(P04)2 
PbO 

PbO  -  PbF2  -  B?03 

KF  -  PbF2 

PbO  -  PbF2  -  KF 

The  systems  that  appeared  to  yield  best  results  were  KF:PbF2  and  pure 
PbO.  Growth  runs  from  pure  PbO  yielded  small  cube-shaped  crystals,  most  of 
which  were  in  the  tetragonal  phase  at  room  temperature.  In  many  cases, 
crystals  encased  in  the  melt  appeared  of  excellent  quality,  but  an  extraction 
exhibited  massive  internal  micro-cracking .  Only  very  small  irregular-shaped 
pieces  were  obtained  free  from  the  flux. 


i 
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5.2.2  Relaxor  Perovskites 

A  number  of  growth  runs  were  carried  through  using  a  flux  of  excess  PbO 
with  minor  addition  to  grow  additional  crystals  of  Pb(Mg1^Nb2^)°3  for 

electrostriction  studies.  The  procedure  was  described  in  the  previous  annual 
report.  Crystals  in  the  form  of  small  rectangular  parallelepipeds  with  edges 
up  to  0.5  mm  were  produced.  Experimental  measurements  on  these  samples  are 
reported  in  Appendix  5. 

Following  a  careful  crystal  chemical  analysis  and  studies  on  ceramic 
materials,  it  was  evident  that  Pb(Sc^2Ta^ /2^°3  cou-1-^  be  produced  either  as 
a  sharp  transition  (ordered)  compound  or  with  scandium  and  tantalum  ions  dis¬ 
ordered  on  the  B  site  giving  diffusing  transition  behavior.  Having  verified 
by  x-ray  powder  methods  that  order : disorder  could  be  modified  in  this  compound 
by  the  thermal  treatments  it  was  desirable  to  grow  single  crystals  for  precise 
dielectric,  optical,  elastic,  and  other  property  measurements. 

Crystals  of  Pb(Sc, ^Ta^  '2^ ”3  were  grown  by  the  following  procedure. 

Powder  was  prepared  by  mixing  the  appropriate  oxides  in  stoichiometric  pro¬ 
portions.  The  powder  was  calcined  by  firing  at  80Q°C  for  two  hours  in  a 
closed  platinum  crucible,  then  grinding  and  refiring  again  at  1300°C  for  one 
hour.  X-ray  examination  showed  the  resulting  powder  to  be  dominantly  in  the 
perovskite  structure  with  only  small  traces  of  the  pyrochlore  modification. 
Flux  systems  tested  included  PbO,  PbO-PbF2,  and  Pb0-PbF2-B203 .  Best  success 


was  achieved  with  the  PbO-PbF^B^^  flux  using  mole  fractions 

:0.15 


Pb(Sc1/2Ta1/2)03 

PbO 

PbF„ 


B2°3 


0.40 

0.40 


9 


0.05 


Growth  was  accomplished  in  a  platinum  crucible  with  a  temperature 


cycle 


25 °C  -  1250°C 
1250°C 
1250°C  -  1000°C 
1000°C  -  900°C 

900 °C  -  Room  T. 


Linear  over  six  hours 
Soak  for  four  hours 
Linear  cooling  at  3°C/hour 
Linear  cooling  at  5°C/hour 
50°C/hour 


The  crystals  obtained  were  pale  yellow  in  color  in  the  form  of  well 
developed  cubes  with  100  faces. 

Unit  cell  size  as  determined  by  x-ray  diffraction  was  4.073A, in  good 
agreement  with  literature  values  for  the  ceramic  material. 

5.3  DIAMETER  CONTROL  GROWTH  EXPERIMENT 

5.3.1  Introduction 

The  major  effort  to  establish  an  effective  Czochralski  pulling  system 
for  oxide  crystals  has  been  carried  forward  by  Dr.  Brun  in  MRL,  under  AFOSR 
sponsorship.  In  preliminary  evaluation  of  available  control  methods,  it 
was  decided  to  use  digital  rather  than  analog  control,  and  in  view  of  our 
experience  in  this  urea  the  f erroelectrics  group  has  been  cooperating  to 
help  establish  this  important  capability. 

5.3.2  Control  System 

In  Figure  7  the  major  components  of  the  system  are  outlined  in  block 
form.  The  system  is  based  on  a  control  from  the  weight  change  of  the  melt 
and  crucible  as  pulling  proceeds.  The  melt  and  crucible  located  in  the  A.D. 
Little  puller,  or  in  a  corresponding  resistance  heated  puller,  are  continu¬ 
ously  weighed  by  a  top-loading  electronic  balance  which  is  read  at  1  second 
intervals  by  the  LSI-11/2  computer.  A  temperature  reading  from  a  digital 
thermomenter  is  also  inputted  to  the  control  computer  for  emergency  shutdown 
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if  necessary  during  pulling  and  to  facilitate  controlled  cool-down  after 
growth.  A  video  terminal  provides  communication  with  the  system. 

In  operation  the  computer  reads  the  balance  every  second,  then  from 
accumulated  readings  it  computes  the  rate  of  weight  loss  by  a  least  squares 
fitting.  This  value  is  then  compared  to  the  desired  loss  (calculated  from 
density  and  pulling  rate)  and  the  necessary  correction  control  signal  to 
the  power  supply  calculated.  In  the  inductive  A.D.  Little  system  power  is 
controlled  in  the  resistive  heated  system,  then  set  point  of  the  tempera¬ 
ture  controller  is  adjusted. 

Preliminary  tests  on  alkali  halide  crystals  and  with  lead  bismuth 
niobate  show  most  encouraging  results. 


6.  PROCESSING  STUDIES 

6.1  INTRODUCTION 

Electrostriction  and  composite  piezoelectrics  studies  on  this  program 
place  continuing  demands  for  the  processing  of  new  perovskite  based 
ceramics  and  for  the  fabrication  of  conventional  materials  in  new  and  un¬ 


usual  configurations.  Our  major  involvement  with  PZT  based  ceramic  systems 
has  required  careful  study  of  the  control  of  the  partial  pressure  of  PbO 
during  sintering,  and  this  study,  which  has  been  written  up  for  publication. 


is  presented  in  Appendix  16.  The  work  also  formed  the  basis  of  the  MS 
thesis  of  K.  Klicker  in  Ceramic  Science. 

An  important  step  forward  was  the  development  of  a  new  simple  processing 
technique  for  making  3:3  connected  PZT; plastic  composites  discussed  earlier 
in  Section  3  and  Appendix  12. 

Current  studies  are  focused  on  the  calcination  reactions  in  the  PZT 
system  and  on  a  more  detailed  evaluation  of  the  sintering  behavior. 

6.2  CALCINING  REACTION  KINETICS  IN  PZT  COMPOUNDS 

This  study  is  primarily  concerned  with  the  reaction  mechanisms  and  reac¬ 
tion  kinetics  for  the  formation  of  PbZrO^-PbTiO^  ceramics  from  mixed  oxide 
starting  powders.  The  objective,  besides  obtaining  a  better  understanding  of 
the  crucial  forming  reactions  and  their  dependence  on  raw  material  para¬ 
meters  and  processing  conditions,  was  to  determine  the  extent  to  which  dif¬ 
ferences  in  the  calcining  conditions  were  reflected  in  the  piezoelectric 
properties  of  the  finished  ceramic. 

The  composition  PbZr^  ^Ti^  4°3  has  ^een  most  thoroughly  investigated. 

For  this  composition  the  constituent  oxides  were  characterized  by  their  phase 
purity,  phase  content,  particle  size,  size  and  shape  distributions,  and 
surface  areas.  As  well  as  these  more  normal  indices,  x-ray  line  broadening 
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has  been  used  to  give  additional  information  on  crystallite  size  and 
crystallite  strain.  These  data  are  most  important  because  the  phenomenon 
of  agglomeration  can  give  confusing  data  using  the  simpler  measuring  methods. 
Particularly  for  the  ZrC^,  modification  of  these  parameters  by  high  energy 
milling  has  been  shown  to  have  a  profound  effect  on  reaction  kinetics. 

Quantitative  data  of  the  phase  assemblages  at  each  stage  of  calcining 
have  been  obtained  using  the  "matrix  flushing  technique"  for  x-ray  diffrac¬ 
tion  analysis.  Tests  with  artificial  standards  have  shown  this  method  to 
give  better  than  1%  precision. 

Kinetic  data  have  been  fitted  using  the  Jonder  equation  for  diffusion 
controlled  reaction  and  activation  energies  obtained  from  Arrhenius  plots 
of  the  rate  constant  for  the  PbTiO^  and  PZT  formation. 

Variations  in  the  final  electromechanical  properties  appear  to  be 
strongly  related  to  the  presence  of  incompletely  reacted  PbO  solid  solutions 
in  the  calcined  powders  and,  as  expected,  to  produce  wider  variations  in 
properties  as  the  composition  is  brought  closer  to  the  morphotropic  composi¬ 
tion. 

6.  3  SINTERING  STUDIES  ON  PZT 

This  work  was  initiated  to  study  (i)  the  effects  of  the  phase  distribu¬ 
tion  in  calcined  oxide  powders  on  the  sintering  characterisics  of 
PbZrg  (jlig  4^3’  (H)  the  e^^ects  of  PbO  vapor  on  the  sintering;  (iii)  the 
mechanisms  involved  in  the  very  early  stages  of  sintering. 

Isothermal  sintering  at  1,000,  1,100,  1,200,  and  1,300°C  for  periods 
from  10  minutes  to  12  hours,  and  dilatometer  studies  at  constant  200JC/hour 
heating  rate  have  been  used  to  explore  the  densif ication  of  different 
starting  phase  assemblages. 

Preliminary  findings  indicate  (i)  that  densif ication  and  reactions  to 
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complete  the  formation  of  the  PZT  can  proceed  independently;  (ii)  uncalcined 
and  partially  calcined  oxide  powders  exhibit  initial  expansion  during  forma¬ 
tion  of  PbTiO^  and  PbO  solid  solution  phases;  (iii)  at  very  high  heating 
rates  the  PbO  solid  solution  phase  is  eliminated  from  the  sequence. 


-  caaB 


7.  PHENOMENOLOGICAL  THEORIES 

7.1  INTRODUCTION 

The  development  of  an  elastic  Gibbs  function  for  the  PbZrOgtPbTiO^ 
family  materials  using  the  ADAGE  computer  graphics  system  with  the  IBM  370: 

A  description  of  this  work  has  been  submitted  for  publication  in  the  Journal 
of  Applied  Physics.  Detail  of  the  fitting  procedure  used  and  of  measurements 
of  the  spontaneous  strains  x^^,  x2(s)’  x4(s)  ^ave  been  given  in  a  Ph.D. 
thesis  by  A.  Amin  (Phenomenological  and  Structural  Studies  of  PbZrO^ iPbTiO^ 
Ceramics,  The  Pennsylvania  State  University,  November  1979)  . 

Current  work  is  concerned  with 

A.  Measurement  and  prediction  of  the  low  temperature  phase  tran¬ 
sitions  for  compositions  close  to  Morphotropy. 

B.  Extension  of  the  phenomenological  function  to  include 
octahedral  rotation  coordinates  and  antif erroelectric  sub¬ 
lattice  polarizations. 

C.  Examination  of  the  role  of  higher  order  electrostriction 
constants. 

7.2  PHENOMENOLOGICAL  AND  NEUTRON  DIFFRACTION  STUDY  OF  LOW  TEMPERATURE 
PHASE  TRANSITIONS  IN  PbZr03 : PbTiOj 

The  Landau-Ginsburg-Devonshire  phenomenology  described  above  has  been 
used  to  predict  the  low  temperature  course  of  the  morphotropic  boundary  in 
PZT.  The  theory  predicts  that  the  phase  boundary  occurs  at  almost  the  same 
composition  (Zr/Ti  ratio)  down  to  near  0°K.  The  extension  of  the  single 
cell  multicell  (R3m-R3c)  phase  boundary  in  the  rhombohedral  phase  field  has 
been  investigated  by  neutron  diffraction  in  cooperation  with  Dr.  E.  Cox 
at  Brookhaven.  For  a  composition  of  PbZrg  ^Ti^  ^0^  the  diffraction  data 
confirm  that  the  transition  is  between  200°K  and  9°K.  Low  temperature 
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pyroelectric  measurements  using  the  Chynoweth  method  exhibit  a  peak  at 
45  K  identifying  the  transition  point  in  this  composition.  Details  of  this 
work  are  given  in  Appendix  18. 

7.3  EXTENSION  OF  THE  THERMODYNAMIC  PHENOMENOLOGY 

The  equations  used  earlier  are  based  on  the  supposition  of  a  simple 
proper  ferroelectricity  in  PbTiOyPbZrO^  They  appear  adequate  for  predic¬ 
tion  of  the  properties  for  compositions  up  to  PbZr^  ^Ti^  ^0^  in  the  single 
cell  phase  fields.  They  are  obviously  inadequate  to  describe  materials  that 
exhibit  the  rhombohedral  R3m-R3c  phase  transition,  or  for  the  high-zirconia 
antiferroelectric  compositions. 

We  are  now  exploring  the  consequences  of  using  an  expanded  two  sub¬ 
lattice  function,  such  as  that  used  earlier  by  Cross  for  (NalQNbO^,  and  of 
including  terms  to  describe  the  oxygen  octahedral  rotations  as  in  the  treat¬ 
ment  by  Axe  for  SrTiO^  and  by  Darlington  in  (KNa) NbO^ . 

7.4  HIGHER  ORDER  ELECTROSTRICTION 

In  simple  proper  ferroelectric  crystals  the  elastic  Gibbs  function  may 
be  written  in  the  form 


AGi  ■  t<pi> +  -  bijkpixjk  -  WkiVj 

where  f(P^)  is  a  power  series  expansion  in  components  of  P  ,  including  at 
least  sixth  power  terms,  f(x_)  is  the  normal  elastic  stored  energy  and  b^  ^ 
t*ie  piezoelectric  and  electrostrictive  couplings  between  polarization 
and  stress. 

For  systems  that  stem  from  centric  prototypes  in  which  first  order 
ferroelectric  transitions  obviously  require  the  inclusion  of  6th  power  terms 


in  P,  it  appears  unwise  to  consider  only  the  4th  power  cross  terms  • 


In  current  studies  of  6th  power  cross  terms  of  the  form 


and 


■  -  \s*S 
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We  have  shown  that  in  the  (Ba^  ..Si^  tun8sten  bronze  the  inclusion 

of  the  6th  order  ^j^lnm  terms  explains  well  the  electric  bias  effects  on  the 
elastic  compliances  in  the  high  temperature  paraelectric  phase  and  the  polari¬ 
zation  dependence  of  the  clamped  compliances  in  the  ferroelectric  4mm  phase. 

In  bismuth  titanate  (Bi^Ti^O^)  a  phenomenological  analysis  of  the  piezo¬ 
electric  response  in  the  single  domain  ferroelectric  phase  (m)  clearly  requires 
the  inclusion  of  the  6th  or  S^j^lm  terms  to  properly  represent  the  symmetry 
in  the  lower  temperature  region. 


8.  FERROELECTRIC  BICRYSTALS 


8.1  INTRODUCTION 

The  objective  of  these  studies  is  to  produce  "joining"  between  differ¬ 
ently  oriented  ferroelectric  crystals  along  an  extended  planar  boundary  to 
simulate  as  far  as  possible  conditions  that  might  occur  at  a  crystallite: 
crystallite  grain  boundary  in  a  ferroelectric  ceramic.  Since  in  normal  ferro- 
electrics,  the  crystallite  boundaries  do  encompass  a  wide  range  of  perfection, 
width  and  chemical  character, ranging  from  the  near  perfect  joining  along 
narrow  angle  grain  boundaries  in  hot-forged  single  crystals  to  the  very 
broad  second  phase  inclusion  in  some  deliberately  diphasic  materials,  it  is 
of  interest  to  explore  a  broad  range  of  joining  techniques  for  a  spectrum 
of  different  ferroelectric  systems. 

Over  the  past  year  we  have  still  been  in  this  exploratory  mode  working 
to  generate  representative  planar  bonded  surfaces  in  triglycine  sulfate 
[(CI^N^COOH^^SO^] ,  quartz  (SiC^)  ,  lead  potassium  niobate,  PbKNb^O^, 
PbBiNb5015,  BaTi03,  and  LiNbO-j. 

8.2  PREPARATIVE  STUDIES 

8.2.1  Triglycine  Sulfate 

The  preparation  of  bicrystals  with  bonding  surfaces  normal  to  the 
ferroelectric  'b'  axis  has  proceeded  along  the  lines  outlined  last  year. 

In  some  20  growth  runs,  only  two  good  planar  bonded  crystal  pairs  were  pro¬ 
duced.  For  both  of  these  cases,  however,  the  interfacial  region  was  ^50 
ymeters  thick  and  obviously  highly  imperfect. 

Dielectric  measurements  on  capacitors  with  major  surfaces  cut  normal 
to  b,  however,  show  a  clear  Curie-Weiss  law,  and  analysis  is  now  proceeding 
on  the  data  to  explore  the  permittivity  thickness  product. 
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8.2.2  Quartz  (SiO?) 

To  explore  Initial  conditions  for  higher  temperature  diffusion  con¬ 
trolled  bonding,  a  number  of  tests  were  run  using  quartz  crystal  cuts  as 
a  nonferroelectric  (but  ferroic)  model  system.  For  the  several  orientations 
tried  the  crystals  bonded  most  satisfactorily  at  temperature,  but  always 
cracked  into  many  small  pieces  on  traversing  the  f3-cx  phase  inversion  at 
573°C.  Even  with  unconstrained  single  crystal  samples,  we  find  it  most  diffi¬ 
cult  to  bring  the  crystal  through  the  phase  change  intact,  and  it  appears  that 
the  additional  constraints  in  the  bicrystal  make  this  task  exceedingly  diffi¬ 
cult. 

8.2.3  Lead  Potassium  Niobate,  Lead  Bismuth  Niobate 

Using  crystals  kindly  supplied  by  Dr.  M.  Brun,  several  attempts  were 
made  to  bond  simple  'c'  axis  cuts  of  PKN  and  PBN.  Though  again  the  crystals 
bond  quite  effectively  at  high  temperature,  the  phase  change  at  the  Curie  tem¬ 
perature  in  each  case  leads  to  catastrophic  mechanical  cracking. 

8.2.4  Barium  Titanate 

A  number  of  successful  fabrication  runs  were  carried  out  using  Remeika 
flux  grown  ' c '  plates  of  BaTiO^.  Unfortunately,  in  every  case  a  detailed 
examination  of  the  interface  after  bonding  revealed  pockets  of  flux  segre¬ 
gated  at  the  boundary  surface  during  hot  pressing. 

We  could  not  find  pressing  conditions  that  would  bond  the  crystals  with¬ 
out  flux  segregation,  and  further  attempts  with  BaTiO^  will  be  delayed  until 
Czochralski  grown  crystals  are  available. 

8.2.5  Lithium  Niobate 

For  'c'  axis  cuts  of  LiNbO^  excellent  bonding  has  been  obtained  by  hot 
pressing  at  1100°C,  below  the  Curie  temperature.  In  these  crystals  no  problems 
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have  been  encountered  in  cooling,  and  optically  clean  interfaces  are  regularly 
reproduced . 

Work  is  now  in  progress  using  single  domain  LiNbO^  to  explore  the  sign 
and  orientation  effects  on  the  bonding.  Following  a  visit  by  Dr.  B.  Auld 
from  Stanford  University,  it  is  proposed  to  supply  samples  of  the  niobate 
bicrystals  to  Dr.  Auld's  group  for  evaluation  by  acoustic  wave  techniques. 

8 . 3  CH ARAC  TERI ZAT ION 

Host  effort  at  this  early  stage  has  been  committed  to  the  fabrication 
of  specimens.  We  have,  however,  been  developing  a  cooperative  program  with 
Dr.  Lawless  in  the  Materials  Science  Department  at  the  University  of  Virginia, 
to  make  use  of  their  excellent  facilities  for  transmission  electron  micro¬ 
scopy  (TEM)  .  Initial  studies  have  been  concentrated  on  PZT  ceramics  formed 
by  the  HIP  process,  to  evaluate  the  ability  of  the  TEM  system  to  distinguish 
small  second  phase  inclusions  at  the  grain  boundary  and  to  give  the  Virginia 
group,  who  are  more  familiar  with  metal  systems,  experience  with  thinning  and 
handling  ceramics  in  the  microscope. 

Future  work  on  this  program  will  investigate  domain/ grain  boundary 
interactions  in  the  PbZr^  ^Ti^  ^0^  and  in  the  LiNbO^  bicrystals. 
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PROGRAM  ORGANIZATION:  PERSONNEL  AND  EQUIPMENT 


9.1  PERSONNEL 

The  people  directly  responsible  for  work  on  this  program  are  summarized 
in  Table  3.  All  activities  are  coordinated  through  the  three  co-principal 
investigators,  L.E.  Cross,  R.E.  Newnham  and  J.V.  Biggers.  Major  responsibility 
for  electrostriction  studies  is  with  L.E.  Cross,  who  supervises  the  experi¬ 
mental  activities  by  K.  Uchino,  J.  Jang,  and  N.  Setter.  Theoretical  work 
by  B.N.  Achar  is  under  the  direction  of  G.  Barsch.  Experimental  and  the¬ 
oretical  activities  are  kept  in  balance  by  regular  meetings  of  this  subgroup. 

The  composite  piezoelectric  studies  are  in  general  coordinated  by  R.E. 
Newnham,  with  B.  Hardiman  and  A.  Bhalla  responsible  for  preparative  and 
measurement  aspects.  Students  involved  with  the  composites  include  K.  Klicker, 
T.  Gururaja,  A.  Safari,  K.  Rittenmeyer  and  T.  Shrout . 

The  many  preparation  and  fabrication  requirements  are  under  the  super¬ 
vision  of  J.V.  Biggers  and  W.  Schulze  working  with  B.  Hardiman  and  L.  Bowen. 
Students  involved  are  T.  Shrout,  D.  Hankey,  K.  Klicker,  S.  Venkataramani  and 
A.  Safari. 

Phenomenological  theoretical  work  is  piloted  by  L.E.  Cross,  through 
A.  Amin  and  K.  Uchino.  The  small  effort  on  grain  oriented  ceramics  is  super¬ 
vised  by  R.E.  Newnham,  and  the  work  carried  through  my  M.  Holmes. 

Bicrystal  studies  are  directed  by  L.  Bowen  working  now  with  a  visiting 
scientist  from  Peking,  Dr.  Yao  Xi. 

Excellent  technical  backup  is  provided  by  two  technicians,  R.  Brenneman  and 

R.  Ormsby,  and  the  cohesion  of  the  group  much  aided  by  our  secretary, 

S.  LeFrancois. 

In  personnel,  the  group  is  now  up  to  strength.  Some  minor  rebalancing, 
however,  will  be  required  as  our  present  postdoctoral  fellows  move  through, 


Table  3 


DN  BASIC  PERSONNEL 

FACULTY 

L.E.  CROSS,  PROFESSOR  OF  ELECTRICAL  ENGINEERING 

R.E.  NEWNHAM,  PROFESSOR  OF  MATERIALS  SCIENCE 

G.R,  BARSCH,'  PROFESSOR  OF  PHYSICS 

J.V.  BIGGERS,  SENIOR  RESEARCH  ASSOCIATE 

W.A.  SCHULZE,  ASSISTANT  PROFESSOR  OF  CERAMICS 
AND  MATERIALS  RESEARCH 

ASSOCIATES 

B.N.  ACHAR  B.  HARDIHAN 

A.  BHALLA  K.  UCHINO 

L.  BOWEN  A.  AMIN 

GRADUATE  ASSISTANTS 

T.  GURURAJA  N.  SETTER 

D.  HANKEY  (KODAK  FELLOW)  T.  SHROUT 

M.  HOLMES  (BISMUTH  INSTITUTE)  S,  VENKATARAMAN I 

J.  JANG* 

K.  KLICKER 

K.  RITTENMEYER 

A,  SAFARI  (IRAN  GOVERNMENT) 

TECHNICAL  AIDES 

R,  BRENNEMAN  R.  ORMSBY  S.  LEFRANCOIS 


47 


to  provide  needed  expertise  in  crystal  growth  and  to  open  up  new  efforts 
on  ferroelastic  crystals  and  glass  ceramics.  It  has  been  our  decision  to 
focus  current  major  effort  into  the  electrostriction  and  composite  piezo¬ 
electric  studies,  and  we  believe  that  the  results  to  date  presented  in  this 
report  justify  that  decision. 

9 . 2  EQUIPMENT 

Two  major  advances  have  been  achieved  over  the  current  year: 

1.  The  development,  construction,  and  testing  of  the  new  high  pre¬ 
cision  AC  dilatometer.  This  instrument  provides  a  unique  capability  for 
electrostriction  measurements  on  simple  solids  and  for  detecting  the  non¬ 
linear  electrostriction  contributions  in  simple  piezoelectrics. 

2.  An  HP9825  based  automated  measurement  system  has  now  been  installed 
and  the  interfacing  and  software  developed  for: 

(a)  Measurements  of  dielectric  permittivity  and  loss  as  a  function 
of  temperature  and  frequency,  over  a  temperature  range  of  23°C  to  1500°C 
and  a  frequency  range  of  100  Hz  to  1  MHz.  Measuring  bridge  and  temperature 
program  are  under  direct  machine  control.  Output  can  be  presented  in 
tabulated  form  on  a  high-speed  line  printer  or  graphically  on  the  HP  four- 
color  graphics  terminal. 

Graphical  data  can  be  scaled  directly  for  reporting  or  presentation  on 
viewgraph  transparency. 

(b)  Electrical  conductivity  versus  field  and  temperature:  The  mea¬ 
suring  instrument  used  is  a  Keithley  digital  electrometer  with  interface 

-13 

to  the  HP  IB  data  bus.  Current  levels  to  10  amps  and  potential  up  to 
1000  volts  can  be  encompassed. 

(c)  Pyroelectric  measurement  by  the  Byer-Roundy  technique  of  con¬ 


trolled  heating  rate. 


Currently  we  are  evaluating  a  range  of  network  analyzers  from  Hewlett 
Packard,  Marconi  and  Tektronix,  with  a  view  to  automating  our  measurements 
of  the  resonant  response  of  piezoelectric  crystals  and  ceramics. 

Over  the  contract  period  an  effort  has  been  made  to  upgrade  the  preci¬ 
sion  of  our  electronic  measurements  by  providing  calibration  facilities  within 
the  group  for  DC  and  AC  voltage,  time  and  frequency.  Assistance  has  been 
provided  for  the  development  of  a  diameter  control  for  Czochralski  crystal 
growth,  as  discussed  earlier  in  the  text. 

To  facilitate  the  development  of  hydrophone-type  materials,  and  to  supple¬ 
ment  data  being  provided  for  us  by  Charles  LeBlanc  and  the  group  at  New  London 
we  have  designed  and  installed  a  very  simple  hydrostatic  piezoelectric  mea¬ 
suring  system,  using  a  pumped  oil  bath  and  a  simple  field  effect  integrator 
to  determine  charge  release.  The  system  is  capable  of  repeated  testing  at 
pressures  up  to  5,000  psi. 

During  1979  the  Laboratory  has  acquired  a  new  Philips  automatic  x-ray 
diffraction  system,  a  Kevex  x-ray  fluorescence  analyzer  and  a  new  IBSCA 
surface  analysis  facility.  An  ISI  model  30  scanning  microscope  is  on  order, 
and  this  machine  will  have  STEM  capability.  With  these  new  facilities  coming 
we  believe  that  the  group  is  in  excellent  shape  for  future  characterization 
requirements  on  the  new  materials  that  are  being  developed. 

9.3  ADVISORY  COMMITTEE 

The  second  meeting  of  the  ONR  Advisory  Committee  for  this  program  was 
held  at  Penn  State  University  on  Monday  and  Tuesday,  October  29th  and  30th, 
1979.  Participants  at  the  meeting  were:  A.  Glass,  Bell  Telephone  Labs; 

H.  Anderson,  University  of  Missouri-Rolla;  B.  Jaffe,  Vernitron  Corporation; 

W.  Smith,  Philips  Laboratories;  A.  Diness,  ONR,  Washington;  R.  Pohanka,  ONR, 


Washington;  P.  Smith,  NUSC,  New  London;  R.  Wollett,  NUSC,  New  London.  Par¬ 
ticipants  from  Penn  State  were  L.E.  Cross,  J.V.  Biggers,  R.E.  Newnham, 

B.R.  Barsch,  N.  Achar,  A.  Amin,  R.  Betsch,  A.  Bhalla,  L.  Bowen,  B.  Hardiman, 

K.  Hayashi,  K.  Klicker,  W.  Schulze,  N.  Setter  and  K.  Ucliino .  Guests  were 

J.  Dougherty,  Gulton  Industries;  R.  Hansen,  Litton  Industries,  and  W.  Harrison, 
Honeywell  Ceramics  Center. 

The  program  of  the  meeting  is  outlined  below: 

ONR  ADVISORY  COMMITTEE  MEETING 

Monday,  October  29 
9:00  am  to  12:30  pm 

R.  Pohanka 
L.  E.  Cross 

R.  E.  Newnham  and 

K.  E.  Klicker 

J.  V.  Biggers 
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A  UXGH-SENSITIVITY  AC  DILATOMETER  FOR  HIE  DIRECT  MEASUREMENT 
OF  PIEZOELECTRICITY  AND  ELECTROSTRICTION 


Kenji  Uchino  and  Leslie  F..  Cross 

Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  Pennsylvania 


Summary 

A  capacitance  type  dilatometer  has  been  con¬ 
structed  which  is  capable  of  resolving  low  frequency 
AC  linear  displacements  of  10”13  meters  (0.001A)  and 
can  be  used  for  the  direct  measurement  of  piezoelec¬ 
tric  and  electrostrictlve  deformations. 

The  sensing  element  of  the  dilatometer  system 
is  a  parallel  plate  capacitor  with  sputtered  plati¬ 
num  electrodes  supported  on  fused  silica  optical 
flats.  Changes  of  plate  separation  are  sensed  by 
the  associated  change  in  dielectric  capacitance 
which  is  monitored  by  a  capacitance  bridge.  Slow 
drift  in  the  capacitance  due  to  thermally  induced 
changes  in  the  plate  separation  are  reduced  to  an 
equivalent  plate  separation  change  of  less  than 
±0. 002A/' minute  by  a  DC  servo  actuated  by  the  bridge 
unbalance  signal  which  corrects  the  capacitor  plate 
position  through  ceramic  piezoelectric  PZT  pushers. 


For  AC  measurement,  one  plate  of  the  dilato¬ 
meter  is  driven  along  the  axis  of  the  capacitor  at 
a  frequency  of  14  Hz  by  a  standard  piezoelectric 
quartz  crystal.  The  second  plate  of  the  sensing 
capacitor  is  driven  in  phase  at  the  same  frequency 
by  the  piezoelectric  or  electrostrictor  of  interest. 
A  narrow  band  phase  locked  detector  isolates  and 
amplifies  the  14  Hz  signal  detected  in  the  unbalance 
output  of  the  bridge  detector.  By  adjusting  the 
magnitudes  of  the  AC  voltage  applied  to  the  standard 
and  the  unknown  crystals  to  produce  a  null  response 
at  14  Hz,  the  electromechanical  constants  of  the 
two  crystals  can  be  compared  with  very  high  preci¬ 
sion. 

Some  examples  are  given  of  piezoelectric  and 
electrostrictlve  crystals  and  ceramics  which  have 
been  measured  on  the  instrument. 

Introduction 

Electrostrictlon  which  is  the  basic  electro¬ 
mechanical  coupling  in  all  non-piezoelectric  solids 
is  at  present  very  poorly  understood.  There  are 
few  reliable  data  for  the  separate  components  of 
the  electrostrictlon  tensor  even  in  simple  solids, 
and  there  is  no  theory  which  is  adequate  even  for 
alkali  halide  crystals.  Experimentally,  the  diffi¬ 
culty  is  clearly  associated  witli  the  very  small 
magnitude  of  the  electrostrictlve  strains  even  at 
the  highest  possible  field  levels  in  simple  low 
permittivity  solids.  Theoretically  the  absence  of 
well  authenticated  experimental  values  has  certainly 


been  a  major  disincentive  to  development  and  none  of 
the  present  theories  is  viable. 

The  instrument  described  in  this  paper  has  been 
designed  to  resolve  AC  linear  displacements  of  10-33 
meters  (10~3  A)  and  to  permit  the  precise  measure¬ 
ment  of  the  very  small  electrostrictlve  strains  in 
low  permittivity  solids.  (The  work  is  a  preliminary 
part  of  a  larger  program  in  the  Materials  Research 
Laboratory  which  focuses  upon  both  the  experimental 
measurement  and  the  theoretical  description  of  elec- 
trostriction.)  The  AC  differential  capacitance 
dilatometer  which  has  been  constructed  is  based  upon 
an  early  design  by  Bohaty  and  Haussuhl.^ 

In  this  paper,  the  principle  of  the  capacitance 
dilatometer  is  described  first,  the  DC  servo  stabi¬ 
lization  of  the  sensing  capacitor  which  is  the  key 
to  Improved  stability  and  sensitivity  discussed, and 
the  experimental  arrangement  detailed.  The  develop¬ 
ment  of  a  unique  new  AC  calibration  capacitor  is 
briefly  described  and  finally  some  examples  are 
given  of  piezoelectric  and  electrostrictlve  crystals 
and  ceramics  which  have  been  measured  on  the  instru¬ 
ment. 

Design  of  the  Capacitance  Dilatometer 

The  scheme  of  the  dilatometer  is  shown  in  Fig.l. 
The  strain  sensing  capacitor  consists  of  two  plati¬ 
num  sputtered  fused  silica  plates  (2"  diameter).  The 
electrostrictlve  (or  piezoelectric)  sample  plated 
with  sputtered  platinum  electrodes  is  rigidly  mech¬ 
anically  connected  through  an  insulating  lucite 
support  to  the  right  plate  of  the  sensing  capacitor. 
If  the  sample  crystal  is  driven  electrically,  the 
right  plate  will  be  excited  mechanically  through  the 
electrostrictlve  (or  piezoelectric)  strain  generated 
in  the  crystal.  A  standard  piezoelectric  crystal  is 
mounted  in  a  similar  manner  so  that  the  piezoelec- 
trically  generated  strain  is  communicated  to  the 
left  plate.  Since  the  sensing  capacitance  C  is  given 
by 

C  -  e  f  (1) 

where  e  is  the  permittivity  of  air  at  atmospheric 
pressure,  A  the  plate  area,  and  t  the  separation, 
the  capacitance  change  AC  associated  with  a  small 
change  in  1  (Al)  will  be  given  by 

AC  -  (-^4)Al  -  KAl  (2) 

r 


If  the  electrostrlctivc  and  the  piezoelectric 
standard  crystals  are  driven  with  AC  voltages  at 
frequencies  ot  u  and  2ui,  both  capacitor  plates  will 
be  excited  mechanically  at  a  frequency  of  2ui.  When 
the  phase  and  amplitudes  of  the  electric  fields  of 
both  crystals  are  suitably  chosen,  the  capacitor 
plates  will  vibrate  in  exact  synchronism  producing 
a  net  zero  modulation  of  the  separation  and  thus  of 
the  capacitance  at  2ta.  Figure  2  shows  the  crystal 
deformations  in  the  piezoelectric  standard  and  the 
electrostrictive  sample  at  the  null  condition. 
Clearly,  if  this  null  condition  can  be  precisely 
established,  then  from  the  AC  voltages  applied  to 
both  crystals,  their  known  dimensions  and  the  piezo¬ 
electric  coefficient  of  the  standard  crystal  (quartz) 
the  unknown  electrostrictive  coefficient  can  be  cal¬ 
culated.  For  the  piezoelectric  sample  the  situation 
is  slightly  different. 

A  simple  block  diagram  of  the  full  measuring 
system  is  given  in  Fig.  3.  The  components  of  the 
mechanical  circuit  (a,b,c,d)  arc  identical  in  prin¬ 
ciple  to  those  used  by  Bohaty  and  Haussuhl . ^  How¬ 
ever,  to  sense  and  control  the  capacitor  (b.c)  a 
General  Radio  1620  capacitance  measuring  assembly 
is  used  (j,k,l).  To  obtain  maximum  sensitivity, 
the  capacitance  bridge  is  operated  at  a  frequency 
of  5  khz,  the  standard  piezoelectric  crystal  is 
driven  at  14  Hz  and  the  electrostrictor  under  study 
at  7  Hz.  The  phase  locked  detector  is  locked  to 
the  14  Hz  driving  oscillator. 

DC  Servo  Stabilization 

Obviously  the  sensitivity  constant  K  in  Eq  (2) 
can  be  made  very  large  if  the  separation  S.  can  be 
made  very  small.  In  a  practical  system,  however,  a 
limiting  value  of  i  is  set  by  slow  dimension  changes 
due  to  thermal  drift.  Even  though  the  mechanical 
support  for  the  sensing  capacitor  is  made  from  super 
invar  with  a  very  small  thermal  expansion  coeffici¬ 
ent  (5  0.3  x  10“6  deg'l) ,  and  the  assembly  is  put 
into  a  chamber  controlled  to  ±0.04"C,  thermal  di¬ 
mension  changes  are  still  very  much  larger  than  the 
electrostrictive  displacements  induced  at  tolerable 
fields,  and  would  take  the  bridge  detector  well  out 
of  its  linear  range.  To  overcome  this  problem,  a 
DC  output  from  the  phase  locked  bridge  detector  is 
used  to  operate  a  Burleigh  RC42  servo  amplifier 
which  actuates  three  parallel  piezoceramic  mechani¬ 
cal  actuators  made  of  PZT  controlling  the  static 
plate  separation  (be). 

Instrument  Examinations 
Servo-Positioner  Check 

After  the  system  has  stabilized  for  some  four 
hours,  the  DC  servo  system  is  disabled  and  the  in¬ 
trinsic  drift  rate  of  the  capacitance  determined 
by  measuring  the  bridge  unbalance  signal  as  a  func¬ 
tion  of  time  (Fig.  4) .  By  rebalancing  the  bridge 
periodically  the  capacitance  increment  for  a  given 
unbalance  voltage  can  be  determined,  and  from  the 
AC  a  corresponding  At  can  be  calculated.  It  is 
evident  from  Fig.  4  that  without  compensation  the 
drift  rate  corresponds  to  a  plate  separation  change 
of  1  A/minute.  Maintaining  the  same  conditions, 
the  DC  servo  is  now  turned  on,  and  at  the  same  gain 


setting  no  drift  is  discernible.  Turning  the  gain 
up  by  a  factor  of  100,  however,  (Fig.  4,  right-hand 
scale)  it  is  evident  that  the  drift  rate  now  corres¬ 
ponds  to  a  linear  dimension  change  of  0.002A/minutc. 

Resolution  Check 

To  check  the  AC  sensitivity  the  standard  quartz 
crystal  was  driven  by  a  Wavetck  Model  142  oscillator 
at  14  Hz.  With  30  volts  rms  applied  to  the  bridge, 
the  lock-in  output  as  a  function  of  voltage  applied 
to  chc  quartz  crystal  is  given  in  Fig.  5.  The  linear 
relation  expected  for  a  piezoelectric  is  clearly 
evident.  Right-hand  scale  shows  the  accual  deforma¬ 
tion  of  the  quartz  crystal  in  A  rms,  calculated  by 
use  of  the  absolute  calibrator  that  will  be  dis¬ 
cussed  later.  The  experimental  error  is  much  small¬ 
er  than  the  solid  circles  and  is  about  iO.l  mV,  which 
corresponds  to  ilO"^  X.  This  value  is  the  smallest 
resolvable  increment  at  present.  Taking  the  quartz 
thickness  value  of  E  =  5.45  mm,  the  resolvable  in¬ 
crement  corresponds  to  the  resolvable  strain  At/i  “ 
±2.10-11 . 

Further  Checks 

The  lock-in  output  for  a  fixed  value  of  drive 
voltage  to  the  quartz  standard  (10.8  V  rms)  was  re¬ 
corded  as  a  function  of  capacitor  plate  separation 
(Fig.  6)  and  of  voltage  applied  to  the  capacitance 
bridge  (Fig.  7).  If  the  measured  signal  comes  only 
from  the  capacitance  bridge  unbalance,  this  should 
scale  linearly  with  the  square  of  capacitance  and 
with  the  bridge  oscillator  voltage  as  is  evident  in 
Figs.  6  and  7.  A  slight  anomaly  observed  at  110  pF 
in  Fig.  6  is  caused  by  the  sensitivity  dial  change 
of  the  capacitance  bridge. 


AC  Calibration  Capacitor 


We  have  described,  so  far,  a  system  in  which 
the  known  piezoelectric  coefficient  of  a  standard 
quartz  crystal  has  been  used  to  calibrate  the  AC 
voltage  output  in  terms  of  a  calculated  plate  sep¬ 
aration  change.  We  propose  a  different  way  of 
deriving  the  sensitivity  by  using  a  very  small  3- 
terminal  variable  air  capacitor  which  can  be  driven 
at  low  AC.  Figure  8  shows  the  principle  of  the 
absolute  calibrator  using  an  alternating  capacitance. 
When  the  capacitor  plate  is  driven  mechanically  by 
the  electromechanically  generated  strain  in  the 
crystal  (I),  the  capacitance  bridge  output  (5  kHz) 
is  (nodulated  at  14  Hz  as  in  the  bottom  figure.  If 
we  use  the  small  alternating  capacitance  connected 
in  parallel  to  the  sensing  capacitor  instead  of 
driving  the  sample  (11),  the  same  order  of  modulated 
output  can  be  established.  If  we  measure  the  lock- 
in  output  by  driving  this  alternating  capacitance, 
from  the  known  alternating  capacitance  change  and 
the  capacitance  of  the  sensing  capacitor,  we  can 
calculate  the  equivalent  AC  linear  deformation 
using  Eq  (2).  The  scheme  of  the  alternating  capa¬ 
citance  generator  designed  is  shown  in  Fig.  9.  The 
capacitance  is  made  in  a  completely  shielded  alumi¬ 
num  box.  When  the  central  circular  aluminum  plate 
is  in  the  vertical  position,  no  electric  flux  con 
thread  between  the  needles  and  the  capacitance  is 
almost  equal  to  zero.  In  the  horizontal  position 
the  capacitance  shows  a  maximum.  By  rotating  the 


aluminum  plate  with  a  constant  speed  motor  (Electro- 
Craft  Hotomatic  System),  a  sinusoidal  capacitance 
change  (3-26  aF)  can  be  obtained  as  shown  in  the 
bottom  figure.  The  reference  signal  to  the  phase 
locked  detector  is  produced  by  the  photodiode  and 
the  rotating  shutter  fixed  on  the  rotating  axis. 

If  we  obtain  the  lock-in  output  of  V^gg  mV  by 
driving  the  alternating  capacitance  generator  under 
one  instrument  condition  with  the  sensing  capacitor 
of  C  pF,  the  sample  crystal  deformation  in  K  rms 
corresponding  to  the  unit  lock-in  output  in  mV  can 
be  calculated  as  follows  when  measured  under  the 
same  condition: 


Sample  Measurements 


the  wurtzitc  piezoelectric  coefficient  can  be  cal¬ 
culated  as  follows: 


,  'S.OUT 

dc  V  -  d0  (5) 

S  *Q , OUT  4 

Null  Condition  Method 

With  a  fixed  value  of  drive  voltage  to  the 
wurtzite  sample,  the  lock-in  output  as  a  function  of 
voltage  applied  to  the.  standard  quartz  crystals  was 
measured  (Fig.  11).  The  null  condition  is  estab¬ 
lished  at  the  output  minimum  position.  By  using  the 
ratio  of  the  voltage  applied  to  the  wurtzite  and  the 
minimum  position  voltage  and  the  quartz  piezoelec¬ 
tric  coefficient,  the  wurtzite  coefficient  can  also 
be  calculated  as  follows: 


To  get  the  unknown  piezoelectric  or  electro- 
strictive  coef ficient ,  there  are  three  different  ways 
of  using  the  present  instrument: 

1.  Absolute  Calibration 

(using  alternating  capacitance  generator) 

2.  Relative  Calibration 

(using  standard  quartz  driving) 

A.  Separate  vibrating  method 

B.  Null  condition  method 

3.  Sign  Determination  of  Electrostrictive 

Coefficient 

(using  electrostrictive  standard  PMN 

driving) 

Absolute  Calibration 

By  using  the  output  from  the  alternating  capa¬ 
citance  generator,  the  deformation  corresponding  to 
the  lock-in  output  can  be  calculated.  The  piezo¬ 
electric  or  electrostrictive  coefficient  will,  there¬ 
fore,  be  given  as  follows: 

d  ‘  ^  X  10'10  VP.OUT/VP,IN  «a) 


where  crystal  driving  voltages  are  treated  as  root 
mean  square  values.  Both  methods  gave  the  same 
value  of  the  wurtzite  piezoelectric  coefficient 
(d33  <=  3.20  ±0.02  x  10~12  mV-1). 

Figures  12  and  13  show  the  data  for  the  elec¬ 
trostrictive  sample  Pb(Mg1^3Nb2/3)03  ceramic.  Lock- 
in  output  was  completely  proportional  to  the  square 
of  applied  voltage  (Fig. 12).  Very  clear  null  condi¬ 
tion  can  also  be  obtained  at  about  100  V  rms  to  the 
standard  quartz  (Fig.  13).  In  this  case  the  elec¬ 
trostrictive  coefficient  is  calculated  as  follows: 

Ms  ”  •*  VqWvs.in2  <7> 

where  Vs  IN  and  IN  are  voltages  applied  to  the 
sample  and  to  quartz  standard  at  the  output  minimum 
position,  Jig  the  sample  thickness. 

It  is  worth  mentioning  here  that  in  a  practical 
case,  however,  the  lock-in  output  minimum  is  not 
exactly  equal  to  zero  because  of  a  slight  phase  dif¬ 
ference  between  the  vibrations  of  both  crystals. 

The  details  are  discussed  in  the  appendix. 

Sign  Determination  of  Electrostrictive  Coefficient 


M  -  >/2(^-)  x  10‘10  i  V  /V  2  [®V2J 

ACC  E  E,0UT  E’1N  (4b) 

where  Vquj  is  the  lock-in  output  voltage  In  mV,  Vjjj 
is  the  voltage  applied  to  the  sample  in  V  rms  and 
i  the  thickness  of  the  sample  in  m.  Figure  5  is  a 
good  example  for  the  piezoelectric  case.  We  ob¬ 
tained  the  piezoelectric  coefficient  of  quartz  as 
d^  “  2.27  ±0.01  x  10-^2  mV“^  from  the  data. 

Separate  Vibrating  Method 

The  lock-in  output  was  recorded  separately  for 
the  piezoelectric  wurtzite  and  quartz  under  the 
optimum  condition  (Fig.  10).  By  using  the  output 
ratio  of  wurtzite  and  quartz  at  the  same  applied 
voltage  and  the  quartz  piezoelectric  coefficient, 


To  determine  the  sign  of  the  unknown  electro¬ 
strictive  coefficient  is  rather  complicated  in  a 
system  which  consists  of  the  piezoelectric  standard 
and  the  unknown  electrostrictor,  not  only  because 
the  electric  field  frequency  applied  to  the  sample 
is  different  from  the  frequency  for  the  standard, 
but  also  because  the  vibrational  phase  of  the  piezo¬ 
electric  has  two  possibilities  (180°  difference) 
due  to  the  crystal  setting.  We  propose  to  use  a 
known  electrostrictor  as  a  standard  instead  of 
quartz  crystal,  since  the  electrostrictive  strain 
is  not  affected  by  180“  setting  difference. 

Pb(Mg3/3Nb2/3)03  ceramic  with  pcrovsklte-typc 
structure  is  one  of  the  best  examples,  which  has  a 
positive  electrostrictive  coefficient  (M  ■  1.05  ± 
0.01  x  10'16  m2V-2) ,2 
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Example  Data  and  Discussion 

Some  example  data  of  piezoelectric  and  electro- 
strlctive  crystals  and  ceramics  measured  by  the 
established  instrument  are  listed  in  Table  I,  com¬ 
pared  with  the  previous  data.  Coincidence  between 
the  values  determined  by  the  present  and  previous 
works  for  quartz  and  wurtzitc  indicates  the  preci¬ 
sion  of  the  established  instrument.  It  is  worth 
mentioning  that  the  error  is  ten  times  smaller  than 
the  ones  in  the  previouscworks.  We  emphasize  that 
the  resolution  of  iO.OOlA  is  equal  to  the  greatest 
one  in  the  world  and  corresponds  to  the  resolvable 
strain  &1/IS  ±10'f0,  the  order  of  which  other  mea¬ 
surements  (e.g.  x-ray  diffractometer)  cannot  attain 
to. 

Further  measurements  about  many  samples  inclu¬ 
ding  alkali  halide  crystals  will  be  made  in  the  near 
future. 
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Appendix 

Superposition  of  Two  Waves  with  Different 
Phases 

When  aj  and  32  are  the  amplitudes  of  AC  defor¬ 
mations  of  the  sample  and  the  standard  crystals  re¬ 
spectively  and  6  the  phase  difference,  the  change 
of  the  sensing  capacitor  separation  Ai  will  be  given 
as  follows: 

Ai  -  a1  sin  ut  -  a2  sin  (eit+6) 

-  (ai-a2  cos  sin  wt  -  a2  sin  u  cos  wt 
”  tai^-2aia2  oos  d+a^2]1^2  sin  (let-ty)  (8) 
where  tan  <l>  "  a2  6in  6/  (a^-a^  cos  6)  . 

2  1/2 

[l-2r  cos  6+r  ]  term  represents,  therefore, 
the  normalized  shape  of  the  dilatometer  output  curve 
as  a  function  of  driving  voltage  applied  to  the 
quartz  standard.  Figure  14  shows  the  theoretical 
calculation  of  the  null  condition  method  for  various 
phase  differences. 
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Table  I.  Some  example  data  of  electromechanical  coefficients 


Sample 

Coefficient 

Present 

Previous 

Quartz  <100> 

du  (xlO"12  mV"1) 

+2.27  (±0 .01) 

+2 . 2  7  3 

Wurtzlte  <001> 

d33  (xlO"12  mV-1) 

+3.20  (i0.02) 

+3.2  (+0.2)4 

Berllnlte  <100> 

dn  (xlO-12  mV-1) 

-3.98  (±0.05) 

-5.3  (±1.6)5 

Pb(Mg1/3Nb2/3)03 

(ceramic) 

(xlO-16  mV2) 

4-1.05  (±0.01) 

. 

+1.4  (±0.2)2 
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Schematic  of  the  capacitance  dilatometer  and  support  structure. 

Crystal  deformations  induced  in  the  piezoelectric  and  the  electro- 
strictor  at  null  condition. 

Schematic  diagram  of  the  AC  dilatometer. 

DC  plate  separation  change  A£  as  a  function  of  time  with  and  without 
the  drift  compensation  servo  amplifier. 

Dilatometer  output  and  the  actual  deformation  as  a  function  of  driving 
voltage  applied  to  the  quartz  standard  crystal. 

Dilatometer  output  as  a  function  of  capacitor  plate  separation. 

Dilatometer  output  as  a  function  of  bridge  oscillator  voltage  for 
fixed  10.8  V  rras  applied  to  the  quartz  crystal. 

Principle  of  the  absolute  calibrator.  (I)  sample  driving;  (II)  equiva¬ 
lent  alternating  capacitance. 

Scheme  of  the  alternating  capacitance  generator. 

Separate  vibrating  method  for  wurtzite  and  quartz. 

Null  condition  method  between  wurtzite  and  quartz. 

Dilatometer  output  as  a  function  of  square  of  driving  voltage  applied 
to  Pb(Mg^^Nb2^)°3  ceramic. 

Null  condition  method  between  PMN  and  quartz. 

Theoretical  calculation  of  the  null  condition  method  for  various  phase 
differences  between  the  sample  and  the  standard  vibrations. 
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A  VERY  HIGH  SENSITIVITY  AC  DILATOMETER  FOR  THE  DIRECT 
MEASUREMENT  OF  PIEZOELECTRIC  AND  ELECTROS TRICTIVE  CONSTANTS 


KENJI  UCHINO*  and  LESLIE  E.  CROSS 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


A  capacitance  type  dilatometer  has  been  constructed  which  is  capable  of 
resolving  low  frequency  AC  linear  displacements  of  10~ ^  meter  (O.OOlA) 
and  can  be  used  for  the  direct  measurement  of  piezoelectric  and  electro- 
strictive  deformation.  Using  the  DC  servo  stabilization  of  the  sensing 
element }  the  mode  of  sensing  the  capacitance  change  generated  by  the 
crystal  deformation  has  been  radically  improved.  Some  experimental  data 
are  given  of  piezoelectric  and  electro strictive  crystals  and  ceramics 
which  have  been  measured  by  the  established  instrument. 


INTRODUCTION 


There  are  many  physical  and  technological  problems  whose  resolution  depends  on  a 
capability  of  making  precise  measurements  of  exceedingly  small  displacements.  Examples 
in  the  field  of  the  electromechanical  coupling  are:  (a)  The  measurement  of  electrostric- 
tion  in  simple  low  permittivity  solids;  (b)  Detection  of  slight  nonlinearity  in  piezo¬ 
electric  deformations;  (c)  Determination  of  the  piezoelectric  strain  in  a  very  thin 
specimen,,  etc . 

Capacitance-type  dilatometers ,  which  make  use  of  the  very  high  precision  with 
which  current  dielectric  bridge  equipment  can  measure  the  capacitance  of  a  parallel 
plate  air  capacitor  and  therefore  can  monitor  the  separation  of  the  plates,  have  been 
used  extensively  in  the  past  and  have  been  summarized  by  White, ^  Pereira, ^  and  Brandle.^ 
For  all  of  the  instruments,  however,  the  highest  sensitivities  reported  are  in  resolving 
displacements  of  about  10~1^  raeters  (l.oA). 

The  instrument  described  in  this  paper  has  been  designed  to  resolve  AC  linear  dis¬ 
placements  of  10--^  meters  (10_^A)  and  to  permit  the  precise  measurement  of  the  very 
small  electromechanical  strains.  It  is  based  upon  an  earlier  design  by  Bohaty  and 
Haussuhl . ^ 

We  have  described  the  detailed  construction  of  the  capacitance  dilatometer  in  a 
recent  paper. ^  In  this  paper  the  design  of  the  instrument  is  reviewed  briefly.  The  DC 
servo  stabilization  of  the  sensing  capacitor,  which  is  the  key  to  improved  stability 
and  sensitivity,  is  discussed,  and  the  experimental  arrangement  is  summarized.  Some 
experimental  data  are  given  for  piezoelectric  and  el ectrostrictive  coefficients  measured 
on  the  instrument.  Finally  a  typical  application  using  very  thin  piezoelectric  PVF2 
samples  is  presented. 

*Permanent  address:  Department  of  Physical  Electronics,  Tokyo  Institute  of  Technology, 
Ookayama,  Meguro-ku,  Tokyo  152,  Japan. 
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KENJI  U CHINO  and  LESLIE  .E. . CROSS 

DESIGN  OF  THE  “INSTRUMENT 

A  block  diagram  of  the  system  constructed  for  electrostriction  measurements  is 
shown  in  Fig.  1. 

The  heart  of  the  system  is  the  mechanical  circuit  which  incorporates  the  parallel 
plate  sensing  capacitor,  one  plate  (c)  of  which  is  driven  mechanically  by  a  standard 
piezoelectric  crystal  (d) ,  while  the  other  plate  (b)  is  driven  by  the  electrostrictive 
sample  (a).  _  The  first  plate  also  has  its  position  controlled  by  PZT  piezoelectric 
pushers. 

Capacitance,  which  is  a  direct  measure  of  the  plate  separation  of  the  sensing 
capacitor,  is  measured  by  a  precision  capacitance  bridge  (j,k,l).  A  signal  proportional 
to  the  DC  unbalance  at  the  bridge  is  determined  by  the  bridge  detector,  amplified  and 
applied  to  the  PZT  piezoelectric  pushers.  Thus,  if  through  thermal  drift  the  plates 
begin  to  separate,  a  feedback  voltage  is  applied  to  the  PZT  piezoids  which  keeps  the 
capacitor  plates  in  position.  Because  of  this  servo  action,  the  bridge  detector  may 
be  operated  at  maximum  sensitivity  without  being  driven  beyond  its  linear  range. 

To  measure  the  electrostriction  constants,  an  electric  field  at  7  Hz  is  applied 
to  the  crystal  through  a  suitable  oscillator  amplifier  combination.  This  sets  the 
capacitor  plate  vibrating  at  14  Hz.  A  phase  locked  signal  at  14  Hz  is  then  also  applied 
to  the  standard  quartz  crystal.  The  lock-in  amplifier  which  is  phase-locked  to  the 
14  Hz  driving  frequency  senses  any  component  in  the  bridge  output  (capacitance)  which 
is  at  14  Hz  and  in  phase  with  the  driving  oscillator. 

T5y  manipulating  the  voltage  applied  to  the  unknown  and  standard  crystals,  a  null 
condition  can  be  achieved.  The  unknown  constant  can  then  be  derived  from  the  voltage 
ratio  and  the  appropriate  geometrical  constants. 

OPERATION  OF  THE  INSTRUMENT 

Operation  of  the  DC  stabilization  servo  is  evident  from  the  data  in  Fig.  2.  After 
the  system  enclosure  has  stabilized  to  ±0.04°C  at  29°C,othe  DC  servo  is  disconnected. 

The  resulting  capacitance  change  corresponds  to  about  lA/minute  separation  change  caused 
by  slow  thermal  drifts.  Reconnecting  the  servo  amplifier,  the  drift  rate  decreases  re¬ 
markably  and  now  corresponds  to  less  than  0.002  A/minute.  At  this  servo  level,  the 
bridge  can  be  operated  at  high  detector  amplification  about  80  dB. 

To  check  the  output  sensitivity,  a  standard  quartz  crystal  was  driven  at  14  Hz, 
without  applying  any  voltage  to  the  crystal  on  the  counter  plate  (Fig.  3).  The  expected 
linear  relation  between  voltage  and  output  is  clearly  evident.  For  the  gain  settings 
used,  the  minimum  resolvable  increment  in  the  lock-in  amplifier  was  0.1  mV.  Taking  the 
dpi  of  quartz  as  2.3  x  lO-^  (mV-!)  gives  a  minimum  resolvable  displacement  of  1  x  10"^ 

K  rms .  This  resolution  corresponds  to  a  resolvable  strain  A £/££  1  10_1®,  far  superior 
to  other  measurement  techniques  (e.g.  x-ray  diffraction). 

To  check  this  sensitivity,  the  AC  calibration  capacitor  was  set  up  to  give  a  capa¬ 
citance  modulation  of  8  aF  rms  at  14  Hz.  For  a  sensing  capacitance  of  79.6  pF  this 
gave  an  output  voltage  (mV)  at  the  same  gain  settings  as  that  used  with  the  quartz  dri¬ 
ving.  This  back  calculates  to  give  a  dpp  for  quartz  of  2.27  ±0.01  x  lO-^*-  (mV-^-)  . 

SPECIMEN  MEASUREMENTS 

As  an  example  of  the  null  condition  method  the  833  of  piezoelectric  wurtzite  was 
compared  with  the  djp  of  quartz.  After  proper  adjustment  of  phase  with  two  different 
voltage  levels  applied  to  the  wurtzite  crystal,  the  output  curves  obtained  as  a  function 
of  voltage  applied  to  the  quartz  standard,  are  shown  in  Fig.  4.  Balances  occurred  at 
9.54  and  15.68  volts  on  quartz,  giving  833  =  1.41  dpp  (quartz),  or  3.20  ±0.02  x  lO-"*-" 

(m  V-1)  ,  in  very  good  agreement  with  the  value  for  wurtzite  quoted  in  Landolt  Bornstein.^ 


Hi _ HDUB  ■ 


KENJI  UCHINO  and  LESLIE  E.  CROSS 
TABLE  I.  Some  example  data  of  electromechanical  coefficients 


SArtPtE 

COEFFICIENT 

PRESENT 

PREVIOUS 

OUARTZ  <100> 

d^txiff12  wrh 

♦2.27  1*0.01) 

♦2.27  7 

WURTZITE  <n01> 

djjixio*12  *rh 

♦3.20  (*0.02) 

♦3.2  <*0.2)6 

BERLIN! lE  (100) 

du(xlO*12  nV1) 

-J.98  (*0.05) 

-5.3  (*1.6)8 

pvf2* 

Unoriented 

djjuitr12  hV-1) 

-5.9  (*0.2) 

-9* 

Oriented 

djjlxio'12  mV*1) 

-20.2  <*0.4) 

-2(f 

(CERAMIC) 

«u(xio'16  n2r2) 

♦1.051*0.01) 

♦1.9  (*0.2) 9 

PT.MA  (polymethyl¬ 
methacrylate)' 

KjjfxTO-17  H2r2) 

-1.6  (>0.1) 

0 

7200 

bMIVA7I  COTJUNICATIOB;  ESTIHATED  VAUIES  »»  H1CU  (1979) 
ciMVLE  SUPPORT  NMER1A0. 


As  a  check  the  two  crystals  were  driven  independently  fo  give  the  slopes  (separate 
vibrating  method).  Again  the  ratio  of  the  two  slopes  is  1.39  corresponding  to  a  d-i-i  in 
in  wurtzite  of  3.17  ±  0.02  x  lO-1^  (mV-1) . 

Some  measured  data  of  piezoelectric  and  electrostrictive  crystals  and  ceramics 
compared  to  standard  literature  values  are  listed  in  Table  I.  The  agreement  with  the 
previously  reported  values  for  quartz  and  wurtzite  indicates  the  high  precision  of  our 
instrument.  It  is  worth  mentioning  that  the  error  is  much  smaller  than  those  of  pre¬ 
vious  measurements. 


FURTHER  APPLICATION  TO  THIN  FOIL  PVF. 


Using  a  normal  dilatometer,  the  direct  measurement  of  the  thickness  change  of  ^ 
very  thin  sample  is  very  difficult.  For  this  reason,  there  is,  to  our  knowledge,  no 
direct  measurement  of  d^^  for  FVF£  films. 

Two  kinds  of  PVF2  (unoriented  and  oriented  KYNAR  7200  with  thicknesses  of  193  um 
and  69  um,  respectively)  were  driven  under  optimum  instrument  conditions  (Fig.  5  ) . 

The  initial  slopes  of  the  strain  curves  gave  d33  values  of  -5.4 ±  0.2  x  10-12  (mV-1) 
u  d  -20.2  i  0.4  x  10-12  (mV-1)  respectively  (Table  I) ,  which  are  in  good  agreement 
-  1  the  values  estimated  from  the  g3^  and  g32  coefficients  determined  by  Hicks  (1979  ; 
.are  comm-inication)  . 

-linear  relation  between  the  AC  applied  voltage  and  the  output  (which  is  to 
in  iezoelectric  crystals  at  high  electric  field  levels)  was  observed  in 
•<  .  To  determine  the  field  dependence  of  d33,  the  lock-in  output  for  a  small 
•  /■  drive  voltage  to  the  PVF2  sample  was  recorded  as  a  function  of  DC 

Hysteresis  could  also  be  detected  by  this  method,  and  almost  the 

•  rage  slopes  (M) . 13% /10 'Vm-1)  were  obtained  for  both  samples. 

•  ■  '  n  on  other  interesting  piezoelectric  and  electrostrictive  mate- 
• ;  <•  near  future. 


the  Office  of  Naval  Research,  Contract  No.  N00014-78-C- 
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FIGURE  1.  Schematic  diagram  of  the  AC 
dilatometer. 
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FIGURE  3.  Dilatometer  output  and  actual 
deformation  as  a  function  of  quartz 


FIGURE  2.  DC  plate  separation  change  as 
a  function  of  time  with  and  without  servo. 


FIGURE  4.  Null  condition  method  between 
wurtzite  and  quartz. 


driving  voltage 


unoriented  PVF; 
(  195  m  m  ) 


FIGURE  5.  Piezoelectric  strains  as  a 

function  of  AC  driving  field  applied  to 
each  PVFn. 


FIGURE  6 
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Abstract 

The  longitudinal  piezoelectric  strain  of  polyvinylidene fluoride  (PVF^) 
films  has  been  measured  at  room  temperature  using  a  high-sensitivity  AC 
dilatometer.  The  DC  bias  field  dependence  of  the  piezoelectric  strain  coef¬ 
ficient  d^^  has  been  observed.  The  polarization  related  electrostrictive 
coefficient  obtained  is  several  hundred  times  larger  with  the  opposite 
sign  than  the  value  in  normal  piezoelectric  oxide  crystals. 


1.  Introduction 


The  polymer  PVf^  (polyvinylidene  fluoride)  has  been  extensively  studied 
since  the  discovery  of  its  large  piezoelectric  coefficients  in  1969^  . 

Rolling  and  stretching  the  films  at  elevated  temperatures  during  their  prepa¬ 
ration  enhances  the  crystallization  of  the  polar  phase  (form  I)  with  polymer 
chains  oriented  preferentially  along  the  tensile  stress  axis.  After  an 
electric  field  of  sufficient  magnitude  (about  10  Vm~  )  is  applied  normal  to 
the  film  at  elevated  temperatures,  large  piezoelectric  coefficients  can  be 
measured.  Though  the  transverse  piezoelectric  effect  is  rather  easily 
detected,  few  studies  have  attempted  to  measure  directly  the  longitudinal 
piezoelectric  strain  induced  by  an  applied  electric  field  because  of  thin¬ 
ness  of  films  (usually  less  than  100  pm) .  The  first  direct  observation  of 

the  piezoelectric  coefficient  d^  was  made  by  Burkard  and  Pfister  using  a 

(2) 

capacitance-type  dilatometer  .  This  static  measurements  were  carried  out 

at  0.3  K  to  avoid  length  fluctuations  due  to  thermal  expansion. 

(3  4) 

Using  a  newly  developed  high-sensitivity  AC  dilatometer  ’  ,  we  have 

measured  precisely  the  longitudinal  piezoelectric  coefficients  of  PVF2  films 
at  room  temperature.  Moreover,  we  have  observed  the  DC  bias  electric  field 
dependence  of  the  piezoelectric  coefficient  d^  (electrostrictive  effect) . 

2 .  Experimental 

The  samples  were  cut  from  193-ym-thick  unoriented  and  69-Um-thick  oriented 
Kynar  7200  sheets  (Pennwalt  Chemicals  Co.)  and  from  25-ym-thick  oriented  sheets 
obtained  from  Kureha  Chemical  Industries,  after  the  samples  had  been  poled  in 
the  manner  described  above. 

Two  systems  were  used  to  measure  the  electric-field-induced  strain  in 
these  sample  films.  For  the  transverse  piezoelectric  effect,  a  strain  gauge 


2 


technique  was  applied,  the  sample  being  placed  such  that  the  deformation 

produced  a  stress  on  a  strain  gauge.  The  piezoelectric  coefficients  d^  an^ 

^32  °btained  are  listed  in  Table  I,  The  piezoelectric  coefficient  d^ 

(=  d31  +  d^2  +  d33)  was  determined  with  the  conventional  method  of  applying 

a  time-varying  hydrostatic  pressure  to  the  film.  The  values  of  d,  are  almost 

h 

—12  —1 

the  same  for  the  three  specimens  (^-1  x  10  mV  ) .  From  the  values  of  d 
^32*  we  can  evaluate  the  piezoelectric  coefficients  d^,  which  are  also 
shown  in  Table  I. 

For  the  longitudinal  piezoelectric  measurement  we  applied  a  newly  devel¬ 
oped  high-sensitivity  AC  dilatometer  whose  minimum  resolvable  displacement  is 
_3  o 

less  than  10  A  rms.  Figure  1  shows  the  block  diagram  of  this  system,  the 
details  of  which  have  been  reported  in  previous  papers^3’^ .  To  measure  the 
piezoelectric  strain,  an  alternating  electric  field  at  14  Hz  is  applied  to 
the  PVF^  sample  film  through  a  suitable  oscillator  amplifier  combination, 
which  sets  the  capacitor  plate  vibrating  at  14  Hz.  The  lock-in  amplifier 
which  is  phase-locked  to  the  14  Hz  driving  frequency  senses  any  component  in 
the  bridge  output  (capacitance  modulation)  which  is  at  14  Hz  and  in  phase 
with  the  driving  oscillator.  To  check  the  output  calibration  factor,  a 
standard  quartz  crystal  is  then  driven  at  14  Hz  without  applying  any  voltage 
to  the  film. 

To  avoid  separation  changes  of  thfe  sensing  capacitor  plates  due  to 
thermal  expansion,  the  DC  unbalance  signal  of  the  capacitance  bridge  is  fed 
back  to  the  PZT  pushers  through  an  amplifier.  This  servo-system  is  the  key 
to  high  sensitivity  and  stability  of  the  instrument. 

In  Fig.  2(a)  and  (b)  we  show  the  observed  longitudinal  strain  (root- 
mean-square  value)  for  an  oriented  and  an  unoriented  Kynar  ar.d  an  oriented 
Kureha  film,  respectively,  under  a  sinusoidal  electric  field  at  14  Hz. 
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The  piezoelectric  coefficient  d33  is  calculated  from  the  slope  of 
linear  relation  between  strain  and  electric  field  near  zero  field.  Deviation 
from  the  straight  line  at  higher  electric  fields  is  caused  by  the  hysteresis 
effect  and  the  nonlinear  (higher  order)  coupling.  A  determination  of  the 
negative  sign  of  d33  is  made  from  the  180°  phase  difference  between  the 
lock-in  amplifier  outputs  of  the  PVF3  and  the  standard  quartz  crystal. 

To  obtain  the  electrostrictive  effect  separately  from  the  hysteresis 
effect,  we  measured  the  DC  bias  field  dependence  of  the  piezoelectric  coef¬ 
ficient  d32*  When  a  DC  electric  field  Eq  is  superposed  with  a  sinusoidal 
electric  field  2E^  sincut,  the  induced  strain  X3  is  represented  as 

X3  =  d33^Eo  +  ^E^sinoot)  +  M33^eq  +  /2E^sinwt)2  (1) 


where  M33  is  the  field  related  electrostrictive  coefficient.  The  root-mean- 
square  value  of  the  strain  at  a  frequency  of  to,X3(co)  is  given  as 


where 


(w>  =  d®Ef(E  )E 
33  o  1 


eff  2M,, 

d33  <V  =d33(1+-d-V 


(2) 


(3) 


33 


The  lock-in  amplifier  output  for  a  constant  AC  electric  field  (E^  VLO'*  Vm 
was  plotted  as  a  function  of  the  DC  electric  field.  Figure  3(a)  and  (b)  are 

0f  f 

the  results  showing  the  change  of  effective  piezoelectric  coefficient  d33 

with  the  DC  bias  field  E  .  An  obvious  hysteresis  curve  could  be  obtained  in 

o  J 

gf £  g£ £ 

the  relation  between  d33  and  E^  for  all  samples.  The  average  d33  change 
(neglecting  the  hysteresis)  with  the  DC  field  is  considered  to  give  the 
electrostrictive  effect  approximately.  The  piezoelectric  coefficient  d33 
(experimentally  observed)  and  the  field-related  electrostrictive  coefficient 


M33  for  three  specimens  are  listed  in  Table  I.  Correction  of  the  M33  value 

due  to  the  Maxwell  electrostatic  stress  is  less  than  10%  of  the  apparent 

value.  The  polarization  related  electrostrictive  coefficient  Q33,  which  is 

2 

defined  as  x3  =  »  was  calculated  approximately  as  follows: 

Q33  =  M33^G3  (4) 

where  e3  is  the  permittivity. 

3 .  Discussion 

Oshiki  and  Fukada  determined  precisely  the  piezoelectric  stress  coefficient 

e31  and  ttie  electrostrictive  stress  coefficient  Y3^  (transverse  effect)  of 

PVF2  by  applying  a  sinusoidal  electric  field  and  detecting  induced  stresses^) . 

They  reported  a  marked  hysteresis  curve  of  e31  with  the  cyclic  change  of  the 

DC  bias  field,  which  is  very  similar  to  that  in  Fig.  3  showing  the  dependence 

of  d33  on  the  DC  bias  field.  The  low-frequency  piezoelectric  stress  coefficien 

e31  ^ecreases  by  about  one  order  of  magnitude  from  its  room-temperature  value 
-2  -2 

of  'VLO  [Cm  ]  on  cooling  the  sample  to  -150°C.  At  0.3  K  the  longitudinal 

piezoelectric  strain  coefficient  d33  measured  by  Burkard  and  Pfister  is  of 
-13  -12  -1  (2) 

the  order  of  -10  'v-io  [mV  ]'  .  The  difference  of  one  to  two  orders  of 

magnitude  between  their  data  and  our  d33  data  is  explained  by  the  large  tem¬ 
perature  dependence  of  d33.  Their  electrostrictive  data  were  not  so  reliable 
as  ours,  but  are  still  consistent  with  our  measurement. 

Using  the  piezoelectric  resonance  method,  Ohigashi  determined  the  piezo¬ 
electric  strain  coefficients  (d33  and  d^)  and  the  piezoelectric  stress 
coefficient  (e33)  in  a  high-frequency  region^  ,  At  room  temperature  the  d33 
value  (^15  x  10  ^  my  -*-)  estimated  from  an  approximate  relation  (d33=e33/c33) 
is  almost  of  the  same  order  as  our  observed  data.  No  electrostrictive  data 
could  be  obtained  by  the  resonance  method. 


Let  us  discuss  now  a  phenomenological  interpretation  for  the  piezoelec¬ 


tricity  in  poled  PVF2  in  terms  of  electrostriction,  which  was  first  introduced 
by  Oshiki  and  Fukada^  .  After  poling,  a  preferred  orientation  of  dipoles  is 
produced  in  the  film,  which  results  in  the  spontaneous  polarization  Pg  and 
the  spontaneous  strain  xg.  The  coupling  of  the  electrostriction  (which  may 
be  determined  by  the  film  preparation  technique)  with  this  spontaneous  polari¬ 
zation  produces  piezoelectricity.  In  the  phenomenological  expression,  the 
strain  in  the  poled  film  of  PVF2  under  an  electric  field  E  is  given  by 

x3  “  Q33  (Ps  +  e3E)2  (5) 

Then,  by  analogy  with  Eq  (1)  we  may  describe 


*3  '  »33Ps2 


(6) 


and 


d33  2Q33Ps£3 


M33  "  Q33E3 


(7) 

(4') 


-2  -2 

By  using  P^  ^  0.5  x  10  [Cm  ]  which  was  determined  in  our  recent  paper 
describing  the  effect  of  an  AC  annealing  technique  on  the  remanent  polariza¬ 
tion^  we  can  evaluate  the  piezoelectric  strain  coefficient  from  Eq  (7) . 

Good  agreement  between  the  product  value  2Q„_P  e  and  the  d_.  values  observed 

j  j  S  S  j  j 

for  all  three  specimens  shown  in  Table  I,  suggests  the  validity  of  the 
phenomenological  treatment.  The  electromechanical  data  of  normal  piezoelectric 
LiNbO^  are  listed  in  Table  I  for  comparison.  In  addition  to  the  sign  difference 
of  d^  and  Q33.  it  is  also  interesting  that  the  values  in  PVF2  are  two  to 
three  orders  of  magnitude  larger  than  in  LiNbO^,  while  the  Pg  values  are  two 
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to  three  orders  of  magnitude  smaller.  In  consequence,  there  follows  almost 
the  same  magnitude  piezoelectric  coefficient  d33  (though  with  the  opposite 
sign) . 
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Fig.  1  Block  diagram  of  a  high  sensitivity  AC  capacitance-type  dilatometer. 
Fig.  2  Induced  longitudinal  strain  under  a  sinusoidal  electrical  field  at 
14  Hz,  (a)  for  the  oriented  and  unoriented  KYNAR  7200  and  (b)  for 


the  oriented  Kureha  film. 

Fig.  3  The  effective  piezoelectric  coefficient  d^f  change  with  the  DC  bias 
field  Eq,  (a)  in  the  oriented  and  unoriented  KYNAR  7200  and  (b)  in 
the  oriented  Kureha  film. 
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ELECTROSTRICTIVE  EFFECT  IN  LEAD  MAGNESIUM  NIOBATE  SINGLE  CRYSTALS 


K.  Uchino  and  S.  Nomura 

Department  of  Physical  Electronics,  Faculty  of  Engineering 
Tokyo  Institute  of  Technology,  Ookayama,  Meguro-ku,  Tokyo  152 

and 

L.E.  Cross,  S.J.  Jang  and  R.E.  Newnham 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Abstract 

Transverse  and  longitudinal  elastic  strain  have  been  measured  for  elec¬ 
tric  fields  applied  along  the  <100>  direction  in  single  crystals  of  lead 
magnesium  niobate  (PbCMg^^*^^)^)  »  usi-ng  a  bonded  strain  gauge  technique. 

A  quadratic  electrostrictive  relation  holds  between  induced  elastic  strain 
and  electric  polarization  for  temperatures  near  the  low  frequency 
dielectric  maximum.  The  electrostriction  coefficients  are  almost  temperature 
independent  with  values  Qu  =  2.50  x  10~2  m^/C2  and  Q12  =  -0.96  x  10~2  n/*/C2. 
To  check  the  direct  measurements,  the  hydrostatic  Q  coefficient  was  deter¬ 
mined  independently  by  measuring  the  pressure  dependence  of  the  dielectric 

-2  4  2 

permittivity.  The  value  =  0.60  x  10  m  /C  obtained  is  in  good  agreement 
with  that  calculated  from  the  direct  measurements. 


INTRODUCTION 


Recently  we  have  reported  in  several  papers  the  electrostrictive  effects 
in  Pb(Mg^^Nb2^)03  based  ceramics'*'  \  We  suggested  in  these  papers  that  the 
polarization  related  electrostriction  constants  Q  in  the  relaxor  type  ferro- 
electrics  are  almost  an  order  of  magnitude  smaller  than  in  most  normal  ferro¬ 
electric  perovskites. 

To  confirm  this,  the  electrostriction  in  PbCMg^^Nt^^^  sin8le  crystals 
has  been  investigated  using  a  bonded  strain  gauge  method.  The  hydrostatic 
pressure  dependence  of  electric  susceptibility  was  also  measured  in  order  to 
support  the  direct  electrostriction  measurements.  The  results  are  discussed 


in  conjunction  with  similar  data  for  single  crystal  PbCZn-j^Itt^^)^  and  com¬ 
pared  to  the  electrostrictive  behavior  of  simple  (non-relaxor)  perovskite  ferro- 


elec tries , 


where  x^  and  X2  are  the  longitudinal  and  transverse  induced  strains,  respectively. 

2 

By  plotting  the  strain  as  a  function  of  the  square  of  the  electric  polarization  P^  , 

the  values  of  Q  can  be  calculated  from  the  slope. 

Flux-grown  crystals  of  Pb(Mg^ /2^>2/3^3  rectangular  plate  shape  oriented 

3 

parallel  to  (100)  (^2.7  x  2.5  x  1.3  mm  )  were  used  for  our  investigation.  Gold 


3 


electrodes  were  sputtered  onto  the  faces  and  a  polyimide  foil  strain  gauge 
(Kyowa,  KFR-02-C1-11)  was  bonded  with  cement  (Kyowa,  PC-6)  on  the  face  of  the 
crystal.  Measurements  were  carried  out  by  a  DC  method,  using  a  double  bridge 
technique.  The  electrostrictive  strains  x^  and  x^  were  measured  as  a  function 
of  the  applied  electric  field  (0.002  Hz)  at  various  temperatures  in  the  range 
from  -10°C  to80°C.  The  curves  of  longitudinal  strain  are  shown  in  Fig.  1, 
where  the  strain  is  corrected  by  multiplying  a  constant  fractional  error  due 
to  the  gauge  and  sample  geometry. 

The  induced  electric  polarization  was  measured  at  0.05  Hz  using  a  Sawyer- 
Tower  circuit  (Fig.  2) . 

Values  of  the  electrostrictive  coefficients  derived  from  these  measure¬ 
ments  are  shown  in  Fig.  3  as  a  function  of  temperature.  It  is  evident  that 
the  electrostriction  constants  do  not  change  significantly  through  the  relaxa¬ 
tion  range  (Qn  =  2.50  (±0.14)  x  10~2  m4  C~2,  Q12  =  -0.96(±0.02)  x  10~2  m4  C-2) . 

Pressure  Dependence  of  Permittivity 

By  using  the  Maxwell  relation,  eqs  (1)  and  (2)  are  transformed  as  follows: 

.  i  »S 

Q11  '2  (9X18P1 

and  y 

1  8  E1 

Q12  2  (ax2  P 

These  equations  indicate  that  the  electrostrictive  coefficients  can  be 
obtained  by  measuring  stress  X  dependence  of  reciprocal  susceptibility  X* 

When  hydrostatic  pressure  p  is  applied  to  a  centrosymmetric  paraelectric  crystal, 
the  pressure  dependence  of  the  reciprocal  susceptibility  X  is  represented  by 


)  = 


1  8X1 

*  —  ( - — } 

2  '3X^ 


)  = 


1  3X1 
-  —  ( — — ) 
2  kax„  ; 


(3) 


(4) 


The  effect  of  hydrostatic  pressure  on  the  electric  susceptibility  of 

single  crystal  was  investigated  up  to  6  kbar.  A  rectangular 

3 

plate  specimen  about  1.5  x  1.5  x  0.6  mm  was  used  for  our  measurement.  The 
capacitance  of  the  sample  was  measured  at  frequencies  of  1  and  100  kHz  with 
an  automatic  capacitance  bridge  (Hewlett-Packard  4270A) . 

Hydrostatic  pressure  was  generated  in  an  air-driven  intensifier  pump 
(Pressure  Products  Industries) .  Plexol  was  used  as  the  pressure  medium.  The 
value  of  pressure  was  monitored  by  a  Heise  gauge  with  the  accuracy  of  ±5  bar. 
Temperature  was  varied  with  a  lamp  heater  and  an  A-C  thermocouple  was  set 
inside  the  cell. 

Figure  4  shows  isotherms  of  the  reciprocal  permittivity  1/e  measured  as 

a  function  of  hydrostatic  pressure.  Whereas  for  a  single  crystal  BaTiO^  the 

slope  of  the  1/e  versus  p  curve  does  not  depend  significantly  on  temperature^ , 

a  gradual  increase  of  the  slope  was  observed  for  Pb^g^^M^^)*-^  with  increase 

of  temperature.  This  effect  can  be  explained  by  the  diffused  phase  transition 

theory  which  will  be  proposed  in  the  next  section.  From  the  averaged  value 

of  the  slope  for  higher  temperatures  (48.2°C,  56.5°C)  and  eq  (5)  we  calculated 

-2  4  -2 

the  electrostrictive  coefficient  as  0.60(±0.08)  x  10  m  C  , 

which  is  in  good  agreement  with  the  value  calculated  from  the  direct  electro- 

-2  4  -2 

strictive  strain  measurements  (0.58(±0.18)  x  10  m  C  ) . 

Figure  5  shows  the  hydrostatic  pressure  effect  on  the  difference  between 
dielectric  constant  (or  dissipation  factor)  measured  at  1  kHz  and  at  100  kHz, 
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3T 


that  is  the  intensity  of  relaxation. 


EXPANDED  DIFFUSED  PHASE  TRANSITION  THEORY 
Integrating  eq  (5)  we  obtain 

l/e=x°  +  2Qhp,  (6) 

where  X°  =  (T-T^/C,  T  is  temperature,  Tq  Curie  temperature,  and  C  Curie-Weiss 
constant.  In  other  words,  we  obtain  the  expanded  Curie-Weiss  law,  that  is 

1/e  =  (T-To(p))/C  (7) 


where 


VP)  "  V2\C  P. 


where 


1/e  =  2Qh(p-po(T)) 


P0(T)  =  (To-T)/2QhC 


(8) 


These  equations  are  known  to  be  valid  for  single  crystal  BaTiO^5  and  other 
simple  perovskite  crystals.  But  for  PbCMg^Nb^jO^,  eq  (8)  is  not  true  as  is 
evident  in  Fig.  4. 

o 

For  ferroelectrics  with  a  diffused  phase  transition  the  law  1/e  'vfT-T  ) 

o 

has  been  shown  to  hold  over  a  wide  temperature  range  instead  of  the  normal 
Curie-Weiss  law^ .  Considering  the  local  Curie  temperature  distribution 
to  be  Gaussian,  the  reciprocal  permittivity  can  be  written  in  the  form: 


7  =  7“  exp[(T-T  )2/262] 
^  '-m  ° 


(9) 


where  6  is  a  parameter  describing  the  intensity  of  the  diffused  phase  tran- 

4 

sition.  A  series  expansion,  neglecting  terms  with  (T-T  )  and  higher  gives 


1 

e 


1_  .  (T-Tn)  2 

ra  2e  6 
m 


(10) 
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Here,  we  propose  an  expanded  theory  where  Tq  is  replaced  by  TQ(p), 
since  under  pressure  each  local  micro-region  follows  a  slightly  different 
Curie-Weiss  law 


I  =  i,  (T-Tn(p) )  ‘ 

e  e  ^2 

m  2e  o 
m 


ii  »%o2(P-?om)2 

e  C  _  f  2 

m  2e„° 

m 

where  TQ(p),  PQ(T)  are  the  same  as  previously  described. 

Figure  6  shows  dependence  of  1/e  on  (T-Tq)  for  a  single  crystal  of 

Pb(Mg1^Nb2^)°3‘  From  this  curve  with  the  aid  of  eq  (10)  we  can  find  6,  the 

parameter  that  determines  the  diffuseness  of  the  phase  transition.  The  values  of 

the  fitted  parameters  are  Tq  =  269  K,  1/e^  =  5.6  x  10~5,  and  6  =  45  K. 

The  parameters  of  eq  (12)  are  determined  so  that  the  slopes  of  the  1/e  versus 
2 

C P—P0 (T) )  curves  have  a  constant  value.  The  procedure  is  shown  in  Fig.  7(b)  and 

the  parameters  deduced  are  Tq  =  269  K,  l/em  =  4.6  x  10_5,  6  =  41  K,  ZQ^C  = 

4.9  K/kbar,  which  are  in  good  agreement  with  the  previous  values.  If  we  use 

the  value  C  =  4.5  x  10"*  determined  from  the  slope  of  the  1/e  -  T  curve 

at  higher  temperatures,  we  calculate  an  electrostrictive  coefficient 
-2  4  -2 

=  0.61  x  10  m  C  Figure  7(a)  shows  the  temperature  dependence  of  pQ(T) 
determined  experimentally.  An  almost  linear  relation  supports  our  proposed 
procedure.  The  gradient  is  an  estimate  of  the  variation  of  Curie  temperature 
with  pressure  and  gives  a  consistent  result  with  the  Q  value  obtained. 

DISCUSSION 

Electrostrictive  coefficients  and  the  pressure  derivatives  of  Curie  tem¬ 


perature  for  Pb(Mg^^Nb2^)02  and  Pb(Zn^  ^^2/3^3  are  summarizec*  in  Table  I 
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in  comparison  with  the  data  for  BaTiO^  and  PbTiO-j .  The  Q  values  are  slightly 

corrected  by  considering  the  (dTc/dp)  values.  It  is  evident  from  these  data 

that  the  polarization  related  electrostriction  constants  Q. .  in  relaxor 

ij 

ferroelectric  crystals  are  several  times  smaller  than  in  most  normal  ferroelectric 

perovskites.  On  the  other  hand,  the  Curie-Weiss  constants  in  the  relaxor 

12 

crystals  are  known  to  be  several  times  larger  and  consequently  there  follows 
an  interesting  effect,  in  that  the  (dTc/dp)  value  is  almost  the  same  for  all 
ferroelectric  perovskites  (See  eq  (7)). 

A  further  study  on  the  microscopic  origin  of  electrostriction  is  in 
progress . 
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Table  I.  Electrostrictive  coefficients  and  the  variation  of  Curie  tem¬ 
perature  with  hydrostatic  pressure  for  some  perovskite-type  crystals. 


substance 

Q11(xl0“2  m4  C"2) 

-2  U  -2 
Q12(x10  m  C  ) 

Qh(xl0  2  m4  C  2) 

dTc/dp 
(K  kbar  -L) 

BaTi03 

11. o7 

-A.57 

2.0 

-5.58 

PbTi03 

8.09 

-2.99 

2.2 

-8.08 

Pb(Zn1/3Nb2/3)03 

2.3810 

-0.8610 

0.66 

-5.511 

pb<«61/3,<b2/3>03 

2.52 

-0.96 

0.60 

-4.8 

Figure  Captions 


Fig.  1  Electric  field  dependence  of  the  longitudinal  electrostriction 
at  various  temperatures. 

Fig.  2  Electric  field  dependence  of  the  induced  polarization  at  various 
temperatures . 

Fig.  3  Temperature  dependence  of  the  electrostr ictive  coefficients  of 
Pb(Mg^^Nt>2/3^®3  s:*-ngle  crystals. 

Fig.  A  Hydrostatic  pressure  dependence  of  the  reciprocal  permittivity  at 
various  temperatures. 

Fig.  5  Hydrostatic  pressure  dependence  of  the  difference  between  dielectric 
susceptibility  (or  dissipation  factor)  measured  at  1  kHz  and  at 
100  kHz. 

Fig.  6  Dependence  of  1/e  on  (T-Tq)2  for  PbCMg^^Nb^JO^ . 

Fig.  7  Hydrostatic  pressure  dependence  of  permittivity: 

(a)  p  (T)  versus  (T-T  ) . 

o  o 

(b)  (1/e  -  l/e^1^2  versus  p. 
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ELECTROS TRICTIVE  BEHAVIOR  OF  LEAD  MAGNESIUM 
NIOBATE  BASED  CERAMIC  DIELECTRICS 


S.J.  JANG,  K.  UCHINO,  S.  NOMURA*  and  L.E.  CROSS 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


The  electrostrictive  strains  induced  by  high  electric  fields  have  been  mea¬ 
sured  for  compositions  in  the  solid  solution  system  Pb(Mg  1/^Nb2/s)0^:PbTi02 
(PMN:PT)  containing  up  to  20  mole%  PT.  Large  anhysteretic  quadratic  strains 
(up  to  1,000  x  10~6)  can  be  induced  at  room  temperature  with  no  evidence  of 
remanence .  In  pure  PbfMgi/^Nbg/^lO^  the  electros triction  constants  ^7  and 
Qjo  core  significantly  smaller  than  in  normal  perovskites  and  the  large 
induced  strains  may  be  traced  to  the  high  polarizability  of  the  relaxor. 

With  the  addition  of  PT,  the  Q  constants  increase  and  the  relaxation  range 
shortens,  with  compositions  close  to  10  moleX  PT  providing  maximum  quadratic 
sensitivity.  Over  the  relaxation  range  of  temperatures,  the  thermal  expan¬ 
sion  is  extremely  small  and  comparable  to  the  best  thermally  stable  glasses 
and  ceramics. 


INTRODUCTION 


Ceramic  samples  for  these  studies  were  prepared  from  reagent  grade  oxides,  PbO,  MgO, 
Nbz05,  and  Ti02-  Careful  control  of  the  initial  calcining  reaction  is  required  to  avoid 
the  formation  of  a  low  permittivity  phase  with  pyrochlore  structure.  A  detailed  descrip¬ 
tion  of  the  preparation  and  densif ication  has  been  given  elsewhere. 1  X-ray  powder  dif¬ 
fraction,  scanning  electron  microscopy,  microprobe  analysis,  optical  and  etch  studies  of 
polished  sections  were  used  to  confirm  phase  purity  and  solid  solution  formation. 

Weak  field  dielectric  measurements,  as  a  function  of  frequency  and  temperature 
(Fig.  1) ,  confirm  relaxor  behavior  across  the  whole  range  of  solid  solutions  up  to  20 
mole%  PT,  with  the  dispersion  range  narrowing  with  increasing  PT  content.  Low  frequency 
Sawyer  and  Tower  measurements  (10  Hz  to  0.00.1  Hz)  show  S-shaped  saturation  curves  for 
samples  up  to  10  raole%  PT  with  an  increasing  remanence  and  more  normal  hysteresis  for 
higher  PT  content. 

Electrostrictive  deformations  were  measured  by  two  independent  methods.  At  room 
temperature  both  longitudinal  and  transverse  strains  were  measured  by  recording  the  dir¬ 
ect  dilatation  (or  contraction)  of  the  sample  with  an  LVDT  gauge.  For  variable  tempera¬ 
ture  measurements  a  bonded  strain  gauge  method  was  used. 2  In  transverse  measurement  the 
two  techniques  agree  to  better  than  ±10%.  For  longitudinal  measurement  it  is  difficult  to 
avoid  deformation  of  the  field  distribution  by  the  bonded  gauge,  but  the  strain  gauge 
method  still  provides  reliable  relative  measurements. 

Typical  transverse  strain  measurements  taken  at  room  temperature  for  compositions 
with  increasing  PT  content  are  shown  in  Fig.  2,  and  the  reproducibility  of  the  strain  as 
compared  to  a  conventional  PZT8  oiezoelectric  ceramic  in  Fig.  3  for  the  0.9  PMN:0.1  PT 
composition.  The  "walk-off"  in  the  piezoceramic  due  to  de-aging  in  the  high  forward 
field  is  clearly  evident,  and  the  greater  reproducibility  of  the  ceramic  is  evident. 
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S.J.  JANG,  K.  UCHINO,  S.  NOMURA  and  L.E.  CROSS 


1.  Dielectric  constant  as  a  function  of  temperature  and 
frequency  in  0.87  x  PMN:0.13  x  PT. 


2.  Transverse  strain  as  a  function  of  electric  field  in 
(1-x)  PMN:  (X)  PT. 
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ELECTROSTRICTIVE  BEHAVIOR  OF  CERAMIC  DIELECTRICS 


FIGURE  3.  Transverse  strain  in  ceramic  0.9  X  PMN:  0.1  X  PT  sample  (a)  and 
a  typical  hard  PZT  8  piezoceramic  (b) . 


That  the  strain  is  dominantly  electrostrictive  in  all  compositions  up  to  0.87  PMN: 
0.13  PT  is  evident  from  plots  of  the  strain  versus  square  of  electric  polarization 
(Fig.  4)  where  the  polarization  levels  have  been  read  from  low  frequency  P  versus  E 
loops. 

Confirmation  that  the  values  is  low  in  pure  PMN  and  increases  with  PT  content 
is  shown  in  Fig.  5. 

Thermal  expansion  was  measured  using  a  conventional  dilatometer  over  the  temperature 
range  from  -200  to  +600°C.  It  is  evident  that  over  the  relaxation  range  of  temperatures 
the  thermal  strain  is  anomalously  small  (Fig.  6)  as  compared  to  normal  non-relaxor 
perovskites. 

The  combination  of  high  stable  electrostrictive  deformations,  coupled  with  low 
thermal  expansion  appear  to  make  the  PMN:PT  electrostriction  ceramics  suitable  candidates 
for  a  number  of  specialized  transducer  applications  in  micro-positioners  and  in  adaptive 
optic  systems.  The  lower  values  of  electrostrictive  Q  constants  observed  here  in  PMN, 
and  also  evident  in  Pb(  203^3^3/3)  0-2  and  in  a  number  of  relaxors  of  tungsten  bronze 
structure^  may  play  an  important  role  in  de-stabilizing  the  macro-domain  structure  of 
the  normal  ferroelectric  state. 

This  work  was  supported  by  joint  DARPA:0NR  funding  under  Contract  No.  N00014-76-C- 
0515,  Project  No.  3203. 
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FIGURE  6.  Thermal  expansion  of  (1-X)  PMN:  (X)  PT  system. 
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ELECTROSTRICTION  IN  THE  SOLID  SOLUTION  SYSTEM 

pb(M8i/3»b2/3)03-Pb(Hg1/2U1/2)03* 

S.  Nomura,  J.  Kuwata,  K.  Uchinot  S.J.  Jang,  L.E.  Cross,  R.E.  Newnham 

Abstract 

Electrostriction  in  the  solid  solution  system  of  (l-x)Pb(Mg1^  Nb2/3^°3- 
xPbCMgj^W^^)^  has  been  measured  by  using  a  strain  gauge  technique. 

The  electrostrictive  Q  coefficients  were  determined  from  the  analysis  of  the 
induced  strain  versus  polarization  curves  in  the  paraelectric  phase.  The  Q 
values  of  Pb °3  increase  rapidly  in  Che  region  of  x<0.2  with  the 
increase  of  mole  fraction  and  reach  nearly  constant  values  in 

•X>0.2.  The  situation  is  compared  with  the  case  of  PbCMg^  Nb2/3'*03_PbTi03 ' 

Die  Elektrostriktion  von  (l-xJPbCMg^Nb^^OjxPbCMg^W^^  (x<0.7) 
Mischkristallen  wurde  mit  Hilfe  von  DehnungsmeBstreif en  untersucht.  /us  dem 
Verlauf  der  Kurven  Spannung  gegen  Polarisation  im  paraelektrischen  Bereich 
wurden  die  elektrostriktiven  Q  Koef f izienten  bestimmt.  Die  Q  Werte  von 
Pb(Mg^3Nb3/3)03  stelgen  im  Bereich  x<0.2  rasch  mit  der  Zunahme  des 
Pb(Mg^2W3/ 2^ °3  Anteiies  an  und  erreichen  nahzu  konstante  Werte  fur  x>0.2. 

Ein  Vergleich  zwischen  diesen  Ergebnissen  und  den  Resultaten  einer  Untersuchung 
von  Pb(Mg^3Nb2/3)03~PbTi03  wird  diskutiert. 

*This  work  was  supported  by  the  Department  of  the  Navy  through  the 
Office  of  Naval  Research. 

^Permanent  address:  Department  of  Physical  Electronics,  Tokyo  Institute 
of  Technology,  Ookayama,  Meguro-ku,  Tokyo. 


2 


1 .  Introduction 

Over  the  past  year  the  major  effort  on  materials  for  potential  application 
in  electrostriction  transducer  systems  has  focused  on  a  study  of  the  ferroelectric 
relaxor  dielectrics.  It  has  been  proposed  (1-3)  that  in  these  systems  there  is 
a  microscopic  composition  fluctuation  that  causes  a  broad  spatial  distribution  of 
ferroelectric  Curie  temperatures.  A  rather  flat  temperature  dependence,  there¬ 
fore,  can  be  expected  in  the  electrostriction  over  a  wide  temperature  range. 
pt>(Mg1/3Nb2^3)03  (hereafter  abbreviated  PMN)  may  be  a  typical  example  in  the 
perovskite  family  of  f erroelec tries . 

We  have  previously  reported  the  electrostrictive  data  measured  on  ceramic 
samples  for  PMN  (4)  and  some  of  its  solid  solutions:  PbtMg^Nb^^C^-PbTiC^  (5,6), 
Pb(Mg1/3Nb2/3)03-PbTi03-Ba(Zn1/3Nb2/3)03  (7)  . 

Apart  from  the  previous  materials  that  are  aimed  at  direct  application,  we 
have  another  interest  in  the  role  of  a  cation-ordered  arrangement  on  the  electro¬ 
strictive  effect,  since  it  is  suggested  that  the  electrostrictive  Q  constants  in 
the  disordered  type  complex  perovskites  are  almost  an  order  of  magnitude  smaller 
than  in  most  "normal"  ferroelectric  perovskites  (6).  pb(M81/2Wl/2^°3  (abbrevi_ 

ated  PMW)  is  a  well-known  example  which  has  the  NaCl-type  cation-ordered  arrange¬ 
ment  in  the  B-sites  of  the  AB03  perovskite  structure  (8).  The  crystal  structures 
and  the  dielectric  properties  of  the  solid  solution  system  PMN-PMW  have  been 

reported  in  our  recent  papers  (9,10).  The  superstructure  of  a  doubling  of  the 

perovskite  subcell  was  observed  for  compositions  containing  more  than  20  mole% 

PMW. 

In  this  paper  the  electrostriction  in  the  solid  solutions  is  measured  to 

examine  how  the  values  of  electrostrictive  coefficients  depend  upon  the  compo¬ 


sition  . 
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2 .  Experimental 

The  ceramic  compounds  were  prepared  from  reagent  grade  PbO,  MgO,  Nb^, 
and  WO^ .  The  constituent  oxides  were  mixed  in  appropriate  proportions,  ball 
milled  in  alcohol,  then  dried  and  calcined  in  air  in  a  closed  alumina  crucible. 
Calcining  temperatures  ranged  from  800  to  1000°C  depending  on  composition  for 
a  calcine  time  of  15  hours.  The  resulting  calcine  was  ground  and  refired  for 
two  additional  15-hour  periods  to  ensure  complete  reaction.  Samples  were  pre¬ 
pared  by  cold  pressing  into  disks  2.54  cm  diameter  and  firing  on  zirconia 
setters  in  air.  A  2-hour  sintering  was  used  and  the  temperature  ranged  from 
1000  to  1280°C  depending  on  composition. 

The  electrostriction  was  measured  by  a  strain  gauge  method.  Silver  elec¬ 
trodes  were  evaporated  onto  the  faces  of  a  ceramic  plate,  and  a  polymid  foil 
strain  gauge.  (Kyowa,  KFH-02-350)  was  bonded  with  a  cement  (Kyowa,  PC-6)  on 
the  face  of  the  sample.  The  measurement  was  done  by  the  AC  method  (180  Hz) 
using  a  phase  sensitive  detector  and  a  double  bridge  system  to  buck  out  the 
residual  AC  signal.  The  induced  strain  was  measured  under  low  frequency  cyclic 
electric  fields  at  various  temperatures. 

In  a  ceramic  sample  with  cubic  symmetry,  there  are  two  independent  electro- 
strictive  coefficients,  and  Q^'  These  coefficients  are  defined  by  the 
following  equations: 


Here  x^  and  x ^  are  the  induced  strains  parallel  and  perpendicular  to  the  direc¬ 
tion  of  the  electric  polarization  P  respectively.  The  electric  polarization  P 
was  measured  against  the  electric  field  E  by  using  a  Sawyer-Tower  circuit  at 


50  Hz. 
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3 .  Resul ts 

The  average  Curie  temperature  of  the  PMN-PMW  system  varies  with  the  com¬ 
position  as  shown  in  Fig.  1.  The  electrostrictive  strains  were  measured  on 
several  samples  containing  less  than  80  mole%  PMW  around  each  Curie  temperature. 

The  electrostriction  could  not  be  detected  for  the  compositions  containing 
more  than  80  mole%  PMW  because  of  the  small  magnitude  due  to  antif er roelec tricity 
in  that  region. 

The  induced  strain  x2  versus  electric  field  E  curves  for  0.8PMN-0.2  PMW 
are  given  in  Fig.  2.  The  measurements  were  done  under  a  quasistatic  condition 
of  increasing  and  decreasing  electric  field.  The  curves  are  not  accompanied 
by  a  hysteresis  above  the  mean  Curie  temperature  (rv-45°C),  but  are  accompanied 
by  a  slim  loop  behavior  below  that  temperature.  The  samples  containing  more 
than  40  mole%  PMW  showed  no  appreciable  hysteresis  in  the  x^-E  curve  even  below 
the  mean  Curie  temperature.  In  other  words  the  activity  of  ferroelectric  domains 
may  be  strongly  suppressed  by  adding  antiferroelectric  PMW. 

The  magnitudes  of  and  x2  at  room  temperature  vary  with  the  composition 
as  shown  in  Fig.  3.  The  marked  decrease  of  the  induced  strain  with  the  increase 
of  PMW  composition  may  be  understandable  basically  in  terms  of  the  magnitude  of 
dielectric  constant  which  is  given  in  Fig.  4.  In  general  the  magnitude  of  in¬ 
duced  strain  is  supposed  to  be  proportional  to  the  square  of  the  dielectric 
constant  when  a  relatively  low  electric  field  is  applied. 

To  obtain  the  electrostrictive  Q  coefficients,  we  analyzed  the  data  of 
induced  strain  as  a  function  of  electric  polarization  P.  The  values  of  x^  and 
x2  in  the  paraelectric  phase  were  plotted  against  the  induced  polarization 
corresponding  to  the  same  field  as  used  for  the  strain  on  a  log-log  scale. 

(A  similar  plot  was  shown  for  the  Pb(7.n^2Nb0^)  single  crystal  in  reference  (11)). 

2 

The  straight  line  representing  the  quadratic  relation  (x=QP  )  could  be  obtained. 


The  Q  values  are  almost  independent  of  temperature  in  the  paraelectric  phase 
as  in  the  cases  of  PMN-PT  (6)  and  PZN  (11). 

The  values  of  and  coefficients  are  plotted  against  the  composition 
in  Fig.  5.  Due  to  the  accuracy  limit  of  the  measuring  apparatus,  reliable 
values  of  the  Q  coefficients,  in  particular  Q^,  could  not  be  obtained  for  the 
solid  solutions  containing  a  large  amount  of  pb(M81/2Wl/2^°3  because  of  the 
decreasing  dielectric  constant.  The  remarkable  increase  of  the  Q  coefficients, 
however,  is  evident  with  the  increase  of  PMW  content  in  the  region  containing 
less  than  20  mole%  PMW,  the  identical  region  where  the  ionic  ordered  arrangement 
of  B-sites  grows  rapidly  in  the  short  range. 


4 .  Discussion 

Electrostr ictive  Q  coefficients  have  been  measured  on  various  kinds  of 
perovskite  type  oxides.  According  to  Yamada  (12),  the  electrostrictive  Q  coef¬ 
ficients,  which  are  obtained  by  assuming  that  the  piezoelectric  effect  in  the 
ferroelectric  phase  is  due  to  the  electrostrictive  effect  in  the  paraelectric 
phase  biased  by  the  spontaneous  polarization,  are  nearly  constant  with  the 
value  =  0.10  m^/C^,  =  -0.034  n/Vc^.  It  is  known  that  generally  the 

Q  values  obtained  from  the  direct  measurements  of  electrostrictlon  in  the  para¬ 
electric  phase  are  nearly  in  agreement  with  the  corresponding  values  described 

above.  Ceramic  BaTi03>  SrTiO-j,  Pb(Zr,Ti)03>  and  ITa03  all  have  Q  values  of 
—  9  /,  o 

about  -1x10  m  /c  . 

In  the  previous  paper  concerning  the  PMN-PT  system  (6),  we  speculated 
that  the  polarization  related  electrostriction  constants  Q  in  such  relaxor 
crystals  as  Pb(Mg^3Nb,^3)03  ant*  are  almost  an  order  of 

magnitude  smaller  than  in  most  normal  f erroelectric  perovskites.  The  factor 
that  may  be  responsible  is  a  large  internal  stress  that  is  induced  by  the 
disordered  arrangement  of  the  B  ions.  The  internal  stress  may  have  a  depressing 
effect  on  the  electrostrictive  strain  in  the  paraelectric  phase. 


The  present  work  supports  the  model  mentioned  above.  In  the  case  of  the 
PMN-PT  system,  the  large  internal  stress  of  PMN  will  be  reduced  with  increasing 
PbTiO^  content.  For  the  PMN-PMW  system  the  same  order  or  larger  reducing  effect 
may  be  expected  with  increasing  PbCMg^W^^O^  content,  because  the  ordering 
tendency  of  Mg  and  W  ions  is  considered  to  promote  a  stress  relief  effect.  In 
Fig.  5  the  Q  coefficient  values  increase  rapidly  with  the  increase  of  PMW  mole 
fraction  in  the  region  containing  less  than  20  mole%  PMW.  It  is  notable  that 
this  mole  fraction  corresponds  to  the  one  above  which  the  superstructure  of  a 
doubling  of  the  perovskite  subcell  is  detected.  In  the  region  with  the  super¬ 
structure,  the  Q  values  of  the  solid  solutions  are  nearly  constant  regardless 
of  the  composition  and  almost  of  the  same  value  as  for  most  normal  ferroelectric 
perovskites.  Further  experimental  study  on  electrostriction  of  Pb(Mg^^N^,2/3^3 
single  crystals  is  now  proceeding. 
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Figure  Captions 

Fig.  1  Average  Curie  temperature  in  the  pb(M81/3Nb2/3)03-Pb(Mg1/2Wi/2)03 
system  determined  from  the  measurement  of  dielectric  constant  at 
various  frequencies. 

Fig.  2  Induced  strain  x2  versus  electric  field  E  in  O-SPbCMg^Nb^^O-j- 
0.2Pb(Mg^^2W^^2)O3  ceramic  at  various  temperatures. 

Fig.  3  Induced  strain  for  E  =  105  V/m  and  x2  for  E  =  106  V/m  at  room 
temperature  as  a  function  of  composition. 

Fig.  A  Dielectric  constant  at  room  temperature  as  a  function  of  composition. 

Fig.  5  Electrostrictive  coefficients  Qn  and  Q12  as  a  function  of  composition. 
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Materials  Research  Laboratory,  The  Pennsylvania  State  University,  University  Park, 
Pennsylvania  16802 

Electrostriction  in  Pb(Mg.  .^Nb- <3)0,  ceramics  is  studied  by  two 
methods  using  strain  gauge  ana' a  piezoelectric  resonance.  The  elec¬ 
trostriction  Q  coefficients  are  determined  from  the  analysis  of  the 
induced  strain  vs.  polarization  curves  in  the  paraelectric  phase,  as 
qu“(2.8±0.2)-l(f  m/C  and  Q^— (0. 640. 1)- 10"  m/C.  In  the  deter¬ 
mination  of  k  in  the  paraelectric  phase,  the  piezoelectric  admit¬ 
tance  is  numeFically  analysed  in  the  vicinity  of  the  resonance  fre¬ 
quency,  using  a  hyperbolic  approximation.  The  k  factor  increases 
in  proportion  to  the  applied  d.c.  field,  from  vRich  the  value  of  Q  . 
is  calculated  as  -(0. 71±0.05)* 10  m  /C  . 


1.  Introduction 


Fk^l/3^3 2/3^3  belongs  to  the  ferroelectric  crystals  with  a  diffuse  phase  tran¬ 
sition.*^  The  phase  transition  covers  a  wide  range  of  temperature  with  an  average 
Curie  temperature  of  0*C*^.  In  the  paraelectric  phase,  the  crystal  belongs  to  the 
cubic  point  group  0^,  in  which  MgZ+  and  NbS+  ions  are  randomly  distributed,  occupying 
the  centers  of  an  octahedron  fonned  by  oxygen  ions.  The  transition  occurs  gradually 
because  different  regions  of  the  crystal  have  unequal  Curie  temperature  due  to  fluctu¬ 
ation  in  composition.  To  elucidate  the  mechanism  of  the  diffuse  phase  transition  and 
also  to  explore  its  possibility  for  device  application,  various  kinds  of  studies,  in 
particular  dielectric  and  optical  ones  have  been  intensively  studied*^.  Few  studies, 
however,  have  been  reported  so  far  regarding  electrostrictive  properties.^ 

Electrostriction  is  a  phenomenon  which  give  rise  to  a  strain  proportional  to  the 
square  of  the  applied  electric  field.  Strains  in  crystal  due  to  electrostrictive 
effect,  in  general,  are  small.  In  ferroelectric  crystal  strain  caused  by  the  applica¬ 
tion  of  an  electric  field,  is  due  to  the  combined  effects  of  piezoelectricity  and 
electrostriction.  Pure  electrostriction  can  be  observed  only  in  non-piezoelectric 
compounds  or  in  a  paraelectric  state  of  ferroelectrics. 

It  is  interesting  to  investigate  the  electrostrictive  properties  of  Pb Oig^^^Nb^^^) 
Oj  in  a  temperature  region  of  diffuse  phase  transition,  where  the  two  phases  of  ferro¬ 
electric  and  paraelectric  coexist.  We  have  determined  the  Q  coefficients  of  FbfMgj^j- 
^2/3)03  ceram'cs  from  two  different  measurements  :  a  direct  measurement  of  electro¬ 
striction  using  a  strain  gauge,  and  an  indirect  measurement  of  induced  piezoelectric 
resonance  of  the  ceramic  disk  under  applying  d.c.  field.  To  compare  with  the  data  of 
eleclrostrrctive  coefficient  0l2  of  (Bag  gSrg  ^TiOj  ceramics  was 
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measured  in  the  paraelectric  phase  by  the  piezoelectric  resonance  method. 

2.  Sanqrle  preparation 

The  ceramic  compounds  were  prepared  from  reagent  grade  PbO,  MgO,  and  The 

constituent  oxides  were  mixed  in  appropriate  proportion  ball-milled  in  alcohol,  then 
dried  and  calcined  in  air  for  15  hr  in  a  closed  alumina  crucible.  The  calcining  tem¬ 
perature  was  about  1000 ‘C.  The  resulting  calcine  was  ground  and  refired  at  1100*C  to 
ensure  complete  reaction.  Ceramic  sample  was  prepared  by  pressing  into  a  disk  1.6  an 
diameter  and  firing  on  a  platium  sheet  in  alumina  crucible  at  about  1230°C  for  4  hr. 
The  similar  method  of  preparation  was  applied  to  the  ceramic  sample  of  (Ba^  ^Sr^  ^)Ti- 
Oj.  The  firing  temperature  was  1500°C. 

3.  Measurement  of  electrostriction  by  a  strain  gauge  method 


For  a  ceramic  sample  with  cubic  symmetry,  the  independent  electrostriction  co¬ 
efficients  are  (1.  and  Q. 7 ,  which  are  defined  by  following  equations, 

Xi  '  Qnp2  (1) 


<11‘ 
-  Ql2P‘ 


C2) 


where  x^  and  X2  are  the  induced  strain  parallel  and  perpendicular  to  the  direction  of 
the  induced  electric  polarization  P  respectively.4^ 

The  measurement  of  induced  strain  was  carried  out  by  a  strain  gauge.  Silver  elec¬ 
trodes  were  evaporated  onto  the  faces  of  ceramic  plate,  and  then  a  polymid  foil 
strain  gauge  (Kycwa,  KFH-02-350)  was  bonded  with  a  cement  (Kyowa,  PC-6)  on  the  face  of 
the  sample.  The  dimension  of  the  ceramic  plate  is  28  nm2  area,  3  mm  thickness  for  the 
measurement  of  Xj,  and  15  mm2  area,  0.22  mm  thickness  for  x^.  The  measurement  was  done 
by  the  a.c.  method  (180  Hz),  using  a  phase  sensitive  detector  and  a  double  bridge  to 
buck  out  the  residual  a.c.  signal.  The  dummy  gauge  was  bonded  on  a  copper  cube  which 
was  contained  in  a  copper  block  together  with  the  sample  to  obtain  a  good  uniformity 
of  the  temperature  between  them.  The  induced  strain  was  quasistatically  measured,  step 
by  step  with  increasing  and  decreasing  the  applied  field  at  various  temperatures.  The 
electric  polarization  P  was  measured  at  0.1  Hz,  by  using  a  modified  Sawyer-Tower 
circuit. 


4.  Measurement  of  the  induced  piezoelectric  resonance 


o 

The  transmission  method"'  was  used  for  determination  of  the  planer  coupling 
kp  of  disk  resonator  of  PbCMgjyjM^/jlOj  ceramics  under  appling  d.c.  field.  The 
sion  of  sanqrle  is  8.6  mm  diameter  and  0.38  nm  thickness.  Since  the  magnitude  of 
relatively  small  (less  than  10  t)  in  the  paraelectric  phase,  the  application  of 
convcnsional  formula  for  kp^ ,  i.e. 

kp2  -  -|maz-  (3) 


factor 
dimen - 

kp  is 

the 
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1 3, 


where  f  .  is  the  frequency  at  minimum  admittance  of  the  ceramic  disk,  and  f  is  the 
mm  '  max 

frequency  at  maximum  admittance,  leads  to  noticeable  error  in  the  measurement  of  the 
induced  piezoelectric  resonance.  Hereafter  we  denote  the  coupling  factor  kp  calculated 
by  equ.  (3)  as  kp'  to  distinguish  from  the  correct  kp  value. 

To  obtain  the  kp  factor,  we  expanded  the  admittance  of  the  electrostrictive  disk 
surrounding  the  resonance  point  in  a  hyperbolic  formula  as  a  function  of  the  frequen¬ 
cy,  and  determined  the  parameters  involved  in  the  formula  so  that  the  calculated  ad¬ 
mittance  curve  can  be  fitted  to  the  observed  one  on  the  skirt  of  the  resonance  curve. 
The  coupling  factor  kp  was  numerically  determined  in  this  fitting  process. 

The  planar  coupling  factor  kp  is  related  to  the  piezoelectric  strain  constant  dj, 
as  follows,^ 

djl  “  J  if  (  i  t<rE)  2TL'rfr  (4) 

where  is  the  dielectric  constant,  which  depends  upon  the  applied  d.c.  field,/  is 
the  density,  r  is  the  radius,  fr  is  the  resonance  frequency,  0"  is  the  Poisson's  ratio, 
and  is  the  lowest  positive  root  of  the  equation  :  (1-<J^)J.(7)  "  7-^0^  ‘ 

Poisson's  ratio  (J-^  was  determined  from  the  ratio  of  the  first  overtone  to  the  funda¬ 
mental  frequency.  The  numerical  values  of  ceramic  sample  are/“7.3 

g/cm3,  fr=316  kHz,  Q-E=0. 30 ,  and  ^=2.  OS  respectively.  The  dielectric  constant  i^/ta 
is  about  8000  at  170  kHz,  and  the  value  decreases  with  increasing  the  d.c.  bias  field. 
In  our  numerical  calculation  of  d^^,  we  used  different  values  of  £^3  >  depending  upon 
the  value  of  bias  field. 

On  the  other  hand,  the  induced  piezoelectric  strain  constant  d^  can  be  expressed 
in  terms  of  the  electrostriction  constant  by 

d31  °  2^33Tq12P 

in  the  paraelectric  phase.  From  the  measurement  of  the  field  dependence  of  kp,  and 
using  equs.  (4)  and  (5),  the  magnitude  of  can  be  determined. 


Results 


Ctect'K  UI4  C  (V/m*  1 


The  relationship  between  the  induced  strain 
X2  and  the  electric  field  for  the 
ceramic  sample  are  shown  in  Fig.l.  Below  the  aver¬ 
age  Curie  temperature  of  0*C,  the  curves  are  ac¬ 
companied  by  a  hysteresis,  which  is  caused  by  the 
ferroelectric  domains.  Near  the  Curie  temperature 
the  hysteresis  is  very  skinny,  which  is  different 
from  that  of  fcrroelectrics  with  simple  pcrovskite 
structure.  At  -115*C,  far  below  the  Curie  tempera¬ 
ture  a  typical  butterfly- shaped  hysteresis  is  ob¬ 
tained.  The  curves  of  induced  strain  Xj  vs.  elec¬ 
tric  field  E  were  measured  only  in  the  paraelec¬ 
tric  phase,  which  are  shown  in  Fig. 2.  The  sign  of 


Fig.l  Strain  x  vs.  electric  field 
E  in  FbCMg^jNB^jlOj  ceramics. 
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Xj  is  positive,  and  that  of  is  negative  as 
expected. 

To  obtain  the  electrostriction  Q  coefficients, 
the  induced  strains  in  the  paraelectric  phase  were 
plotted  against  the  electric  polarization  P  on  a 
log-log  scale,  as  shown  in  Fig. 3.  The  straight 

line  in  this  figure  represents  the  quadratic  rela- 
2 

tion  :  x«QP  .  Just  above  the  average  Curie  tem¬ 
perature,  the  quadratic  relation  does  not  hold. 

The  Q  values  of  the  ceramics  were 

plotted  as  a  function  of  temperature  in  Fig. 4. 

By  using  equ. (3)  the  planar  coupling  constant 
kp'  was  calculated  as  a  function  of  the  electric 
field  at  various  temperatures.  The  results  are 
shown  in  Fig. 5.  At  -115“C  the  sample  shows  a 
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field  at  various  temperatures.  The  results  are  Fig. 2  Strain  x_  v6.  E  in  PbfMg^ 

shown  in  Fig. 5.  At  -115“C  the  sample  shows  a  Nb2/3^°3  cera™  cs> 

ferroelectric  character  and  the  value  of  kp'  reaches  10  %.  At  0*C  the  curve  is  accom¬ 
panied  by  a  skinny  hysteresis  but  the  remanance  is  vanishing.  At  50*C,  the  kp'2  vs.  E 
curve  is  quadratic,  but  it  does  not  pass  through  the  origin,  i.e.  the  k  '  at  zero 
applied  field  has  a  non-vanishing  value  (denoted  by  k  ' (0)).  As  mentioned  in  §4,  this 
is  resulted  from  the  inaccurate  approximation,  using  equ. (3). 

The  corrected  value  of  kp  calculated  by  the  numerical  fitting  method  are  plotted 
against  the  electric  field  E,  in  Fig.  6,  together  with  the  values  of  J  —  i^(pfand  J  jy* 

The  value  of  kp  increases  in  proportional  to  the  electric  field  and  the  line  passes 
through  the  origin.  The  interesting  result  is  that  the  is  also  a  linear 

function  of  E,  and  both  the  lines  have  the  same  gradient.  In  other  words,  the  correct 
value  of  kp  can  be  obtained  by  Jty' 1  -  kp(ciL  . 

The  value  of  djj  was  calculated  as  a  function  of  polarization  P  or  electric  field 


Fig. 3  Strain  x.  and  x^  vs.  P  In  Fig. 4  Temperature  dependence  of  Q  and 

PMMgj^jNh^/jlvj  ceramics.  in  PbfMg^^Nb^^ )0j  ceramics. 
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E,  from  which  the  value  of  was  determined.  In 
Fig. 7,  the  value  of  dj^  is  plotted  against  the 
value  of  tjJ3" E,  where  a  linear  relation  holds  be¬ 
tween  them.  The  Q17  value  was  determined  as  (0.71 
-24  2 

±0.05)- 10  m  /C  ,  which  is  very  close  to  that  ob¬ 
tained  from  the  direct  measurement  by  the  strain 
gauge  method.  To  compare  with  the  data  of  PbfMg^j 
we  determined  the  values  of  kp'  and  kp 
of  (BaQ  ^SrQ  4)TiOj  ceramics  at  40*0,  which  has  a 
simple  perovskite  structure  with  the  Curie  temper¬ 
ature  of  15*C.  The  result  was  analogous  to  that  of 
the  (Mg., The  electrostriction  coeffi¬ 
cient  Q^2  was  determined  as  1.0-10  for  the 

(Ba^  gSrp  4)TiOj  ceramic  sample. 
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Fig. 5  Electromechanical  coupling 
factor  kpJ  determined  by  using 
equ.  (3)  (denoted  by  k^1  )  vs.  E  In 
FbCMgjy^Nbj/jlOj  ceramics. 


-» 


E  (VI m  ) 


Fig. 6  k  vs.  E  In  Pb(Mg  nNb-..,)0, 
ceramics,  k  '(0)  Is  the  value  of 

k  '  at  E-0.P 
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6.  Discussion 


Since  the  ferroelectric  phase  transition  occurs  gradually  in  ^(Mgj/jM^/j)*^ ’  t*'e 
relationship  between  induced  strain  vs.  electric  polarization  shows  a  deviation  from 
quadratic  in  the  temperature  range  just  above  the  average  Curie  temperature,  where  the 
two  phases  of  ferroelectric  and  paraelectric  coexist,  but  it  is  not  accompanied  by  a 
large  hysteresis.  This  is  a  characteristic  of  the  ferroclcctrics  with  the  diffuse 


6 


phase  transition.  We  determined  the  Q  coefficients  from  the  measurements  in  the  para- 
electric  phase,  confirming  their  quadratic  relation.  Since  the  thermal  expansion  coef¬ 
ficient  of  ceramics  is  about  O^-IO’^’C'1  at  room  temperature,  the 

error  which  might  be  due  to  the  electrocaloric  effect  upon  the  electrostriction  is 
considered  to  be  negligiblly  small  in  our  measurement.  The  temperature  dependence  of 
the  Q  coefficients  observed  in  the  paraelectric  phase  is  probably  due  to  the  effect  of 
coexisting  ferroelectric  phase,  the  fraction  of  which  gradually  decreases  with  the  in¬ 
crease  of  temperature  above  CTC.  The  similar  temperature  dependence  has  been  observed 
in  the  measurement  of  quadratic  electrooptic  effect  of 

Electrostriction  Q  coefficients  have  been  measured  on  various  kinds  of  perovskite- 
type  oxides.  According  to  Schmidt,  1  the  Q  values  of  BaTiO^  ceramics  are  reported  to 

I  =C  7A.1  n"2  _4 /, - , 

!11 


be  Q11  =  S.76*10  *  m  /C  ,  and  Q12=-l. 242*10  m  /C‘.  In  comparison  with  these  values, 


the  Q  values  of  PbCMgjyjNb^JOj  ceramics  are  about  half  in  magnitude.  We  have  meas¬ 
ured  electrostrictive  Q  coefficients  of  PbCZn^Nb^^Oj  crystal,  which  belongs  to  the 
ferroelectric  crystals  with  a  diffuse  phase  transition  similar  to  p'3CMEi/3Nt>2/3^3‘ 

The  Q  values  determined  in  the  paraelectric  phase  are  Q.  .=1.6*10  ^  inVc  ,  Q11=-0.86* 
10*^  in  /C,  and  Q^'O.SS-IO^  in /C^  the  magnitudes  of  which  are  nearly  the  same  as 
those  of  Pb(MgjyjNb2^j')Oj.  It  is  not  certain  at  this  point  whether  the  smaller  values 
of  Q  is  a  common  characteristic  of  the  perovskite -type  oxides  containing  Pb“+  ion  or 
of  the  ferroelectrics  with  the  diffuse  phase  transition. 

The  measurement  of  induced  piezoelectric  resonance  is  a  useful  method  to  evaluate 
the  magnitude  of  electrostriction  constant.  The  linear  relationship  between  the  k^ 
factor  and  the  applied  electric  field  E  is  quite  reasonable,  confirming  that  the  elec¬ 
trostrictive  deformation  is  quadratic.  It  is  easy  to  show  that  the  k^' (0)  is  related 
to  the  mechanical  loss  in  the  piezoelectric  resonater.  The  analysis  is  now  in 
progress. 
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Abstract 

The  effect  that  the  polarization  related  electrostrictive  coeffi¬ 
cients  Q  in  the  relaxor  type  ferroelectrics  are  almost  an  order  of 
magnitude  smaller  than  in  most  normal  ferroelectric  perovskites  is 

reasonably  explained  under  the  assumption  that  the  temperature  dependence 

2 

of  the  soft-mode  TO  phonon  frequency  is  given  as  =  A(T-Tc),  where 

the  coefficient  A  in  relaxor  ferroelectrics  is  an  order  of  magnitude 
smaller  than  the  value  in  normal  ferroelectric  perovskites.  The  assump¬ 
tion  also  concludes  that  the  Curie-Weiss  constants  C  in  the  relaxor 
crystals  are  several  times  larger  than  in  the  normal  ferroelectrics. 

The  soft-mode  frequency  in  the  Pb(Mg^.jNt>2/3^®3  crystal  is  predicted  to 
be  below  10  cm  ^  near  the  mean  Curie  temperature. 


2 


1.  Introduction 

In  our  recent  papers  we  have  reported  the  pressure  dependence  of  dielectric 

constants  and  the  electrostrictive  effects  in  and 

(2  3) 

Pb(Zn^^^>2/3^®3  '  single  crystals.  We  indicated  in  these  papers  that  the 

polarization  related  electrostrictive  coefficients  Q  in  the  relaxor  type  ferro- 
electrics  are  almost  an  order  of  magnitude  smaller  than  in  most  normal  ferro¬ 
electric  perovskites.  On  the  other  hand,  the  Curie-Weiss  constants  C  in  the 

(4) 

relaxor  crystals  are  several  times  larger  and  consequently  the  products  QC 
(or  Qx  permittivity)  are  almost  the  same  for  all  ferroelectric  perovskites 
(See  Table  I)  . 

To  explain  these  phenomena,  a  soft-mode  model  of  relaxor  ferroelec tries 
is  proposed  in  the  temperature  range  near  the  low  frequency  dielectric  maximum. 
Numerical  prediction  of  the  transverse  optic  phonon  mode  softening  is  made  for 
Pb(Mg^2Nt>2/3^3  and  and  compared  to  the  soft-mode  frequency 

of  simple  (non-relaxor)  perovskite  f erroelectrics . 

2 .  Soft-Mode  Model  in  Relaxor  Ferroelectrics 

Though  the  lattice  vibrations  of  a  disordered  atomic  assembly  are  not 
equivalent  to  unique  vibrations  in  a  regular  lattice,  the  elastic  vibrations 
of  long  wavelength  are  approximately  similar  plane  waves,  which  are  scarcely 
aware  of  the  atomicity  of  the  materials^)  . 

For  the  soft  phonon  near  the  zone  center  (k  »  0)  the  energy-wave  vector 
curve  in  a  disordered  crystal  is  expected  to  behave  similarly  to  the  one  in 
an  ordered  crystal,  although  a  sharply  defined  dispersion  function  in  an 
ordered  lattice  is  broadened  in  energy  and/or  momentum  by  incoherent  scatter¬ 
ing  from  the  disordered  assembly  of  atoms. 

We  presume  that  the  temperature  dependence  of  the  transverse  optical  soft- 
phonon  frequency  in  a  disordered  perovskite  crystal  is  represented  in  a 
similar  fashion  to  the  one  in  simple  perovskite  ferroelectrics. 
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co 


soft 

TO 


2 


a(t-tc) 


(1) 


Here  we  assume  that  the  A  value  in  a  relaxor  ferroelectric  is  an  order  of  mag¬ 
nitude  smaller  than  the  value  in  a  normal  ferroelectric  perovskite,  since  the 
diffuse  temperature  dependence  of  o>^  in  a  wide  temperature  range  is  expected 
in  the  relaxor  type. 

The  connection  between  ferroelectricity  and  lattice  dynamics  is  made  by 
means  of  the  Lyddane-Sachs-Teller  (LST)  relation^ . 


e  /e 

s  “ 


■  M“»2 


(2) 


where  co^Q  and  o)TQ  are  longitudinal  and  transverse  optical  phonon  mode  frequen¬ 
cies  at  zero  wave  vector,  N  is  the  number  of  atoms  per  unit  cell,  £g  is  the 
static  dielectric  constant  and  £ot  is  the  square  of  the  optical  index  of  refrac¬ 
tion.  If  we  suppose  that  the  frequency  of  one  of  TO  phonon  modes  approaches 
zero  (soft-mode)  and  that  and  s  and  other  s  are  relatively  insen¬ 

sitive  to  the  compounds,  we  describe  the  LST  relation  as  follows: 


.  .  ,,  soft  2 

1/Es  =  ^TO 


(3) 


where  K  is  almost  constant  for  all  ferroelectric  perovskites. 

There  is  also  a  relation  between  the  stress  dependence  of  Eg  and  the 
electrostriction,  since  these  two  effects  are  derivable  from  the  same  term  in 

/  g\ 

the  free  energy  '  . 

3(l/eg)8p  =  2(QU  +  2Q12)  =  2Qh  (4) 

where  p  is  the  hydrostatic  pressure  and  Qg  are  the  polarization  related  elec- 
trostrictive  coefficients. 


The  relations  between  the  Curie-Weiss  constant  C  or  the  electrostrictive 


coefficient  and  the  temperature  derivative  of  the  square  of  the  soft- 

phonon  frequency  A  are  derived  from  Eqs  (1),  (3),  and  (4)  under  the  assumption 

(9) 

that  C  is  insensitive  to  the  hydrostatic  pressure  . 

C  =  1/KA  (5) 

Qh  =  |  OTc/3p)]KA  (6) 

If  we  accept  the  experimental  result  that  the  (9Tc/3p)  value  is  almost 
constant  for  every  ferroelectric  perovskite^ ’ ,  a  large  Curie-Weiss  constant 
and  a  small  electrostrictive  coefficient  can  be  derived  from  the  one-order  of 
magnitude  smaller  A  value  in  relaxor  type  f erroelectrics .  Electrostrictive 
coefficients,  Curie-Weiss  constants,  pressure  derivative  of  Curie  temperature, 
and  temperature  derivative  of  the  square  of  the  soft-mode  frequency  for  some 
perovskite-type  f erroelectrics  are  summarized  in  Table  I,  The  A  values  for 
Pb(Mg^^N^2/3^°3  anc*  P^>^Znl/3N^2/3^3  are  estimate^  from  the  equation 

A/Q  sr  570  [cm“2  K_1/m4C~2]  (7) 

h 

3.  Discussion 

There  is  a  significant  fact  that  no  soft  modes  have  been  observed  in  the 

(23) 

Raman  spectra  of  a  large  number  of  mixed  (relaxor)  f erroelectrics  .  If  the 

soft-mode  model  in  relaxor  ferroelectrics  (Eq  (1))  is  true,  then  the  mode 
(u)^Q)  must  lie  in  the  frequency  range  below  20  cm  \  which  is  inaccessible  to 
Raman  scattering  studies. 

In  the  transition  temperature  range,  temperature  dependence  of  TO  mode 
frequency  may  be  slightly  corrected  for  relaxor  ferroelectrics  in  terms  of 

(24) 

diffuseness  of  the  phase  transition  owing  to  disordered  atomic  arrangement 
Considering  the  local  Curie  temperature  distribution  as  of  Gaussian  type,  the 
TO  mode  frequency  may  be  represented  as  follows: 


Ca)T0ft(T) ]2  =  l  A(T-Tc)eXp['(Tc~Tav)^262]dTc/l  2/262]dT  (8) 
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where  T  ,  a  local  Curie  temperature,  T  ,  the  mean  Curie  temperature  and  6 
c  av 

is  the  parameter,  describing  the  diffuseness  of  the  phase  transition.  In  the 

case  of  Pb(Mg1^3Nb2^3)03  single  crystal  (A  =  3.4  cm-2K_1,  <5  =  41  K) ,  is 

supposed  to  have  a  finite  value  (^7  cm-1)  even  at  T  =  T  .  The  temperature 

dependence  of  its  dielectric  constant  shows  a  considerable  dispersion  in  a 

-2  9  (25) 

frequency  range  from  10  to  10  Hz'  .  Kirillov  et  al.  reported  that  maxima 
of  the  temperature  dependence  of  the  permittivity  e  shift  to  higher  tempera¬ 
tures  with  increasing  measuring  frequency.  Although  the  frequency  dependence 
of  dielectric  constant  may  be  different  below  the  mean  Curie  temperature  be¬ 
cause  of  the  interaction  between  polar  regions  or  the  contribution  of  domain 
wall  vibrations,  the  extrapolation  of  the  curve  Into  =  f(T  )  to  a  higher  tem¬ 
perature  (n/310  K)  leads  to  an  almost  similar  magnitude  of  wavenumber  2  cm  ^ 
to  the  one  predicted  above  ('W  cm  . 

9  12 

Dielectric  measurements  in  a  frequency  range  from  10  to  10  Hz  (micro- 
wave)  or  precise  Raman  scattering  studies  will  be  desired.  If  we  will  be 
able  to  make  both  ordered  and  disordered  crystals  with  the  same  composition, 
only  by  changing  the  annealing  process,  the  lower  Curie  temperature,  the 
larger  Curie-Weiss  constant,  and  the  smaller  electrostrictive  coefficient  are 
expected  in  a  disordered  crystal  than  in  an  ordered  crystal. 
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.  Electrostrictive  coefficients,  Curle-Weiss  constants,  the 
variation  of  Curie  temperature  with  hydrostatic  pressure  and 
the  temperature  derivative  of  the  swuare  of  the  soft-mode 
frequency  for  some  perovskite-type  f erroelectr ics . 


Qh 

-2  4  -2 

XI 0  m  -C 


A 

(cm-2K-1) 


Substance 


C 

(x105K) 


OTc/9p) 

(K-kbar-1) 
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FERROELECTRIC  CERAMIC-PLASTIC  COMPOSITES 
FOR  PIEZOELECTRIC  AND  PYROELECTRIC  APPLICATIONS 
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Consideration  of  the  influence  of  crystal  symmetry ,  macro  symmetry ,  and  inter¬ 
phase  connectivity  have  been  used  to  explore  possible  macrostructures  of 
interest  as  piezoelectric  or  pyroelectric  composites .  Based  on  these  design 
considerations ,  ceramic-plastic  composites  have  been  fabricated  with  3-3 
phase  connectivity,  by  the  replication  of  natural  template  structures  such 
as  coral.  Composites  prepared  in  this  way  have  piezoelectric  g^3  and  9h 
coefficients  more  than  an  order  of  magnitude  higher  than  the  coefficients  of 
the  homogeneously  poled  ferroelectric  ceramic.  Large  voltage  coefficients 
were  also  obtained  from  3-1  piezoelectric  composites  made  by  embedding  PZT 
fiber  arrays  in  epoxy  cement.  Processing  methods  are  described  for  produ¬ 
cing  straight  and  helical  piezoelectric  fibers  by  both  extrusion  and  casting 
of  PZT  slips.  Pyroelectric  measurements  on  ceramic -plastic  composites  led 
to  two  interesting  results:  thermal  expansion  mismatch  between  the  two 
phases  can  couple  to  the  piezoelectric  coefficients  to  give  a  large  second- 
ary  pyroelectric  effect,  and ,  secondly,  boracite-plastic  composites  have 
extremely  large  voltage  coefficients  ( p/z ),  comparable  to  boracite  single 
crystals  and  the  very  best  vidicon  materials. 


INTRODUCTION 


Progress  in  materials  science — like  progress  in  most  fields — follows  the  curve  of 
history  (Fig.  1).  When  a  new  effect  such  as  ferroelectricity  is  discovered,  scientific 
development  is  rather  slow  at  first,  until  its  importance  is  recognized.  Then  follows  a 
period  of  rapid  growth  when  practical  applications  and  many  new  materials  are  discov¬ 
ered.  Rapid  changes  take  place  in  selecting  the  "best"  material  for  each  application. 
Eventually  the  field  matures  as  the  choices  are  made,  and  the  curve  of  history  satur¬ 
ates. 

We  see  this  saturation  effect  in  many  fields  of  materials  science.  PZT  has  been 
the  best  transducer  material  for  25  years.  BaTi03  has  been  the  best  high  K  capacitor 
material  for  30  years.  Similar  trends  can  be  noted  in  magnetic  materials,  semiconduct¬ 
ors,  and  superconductors.  Despite  intensive  search  for  new  compounds,  relatively  little 
progress  has  been  made  in  the  past  ten  or  twenty  years. 

Where  then  do  we  go  from  here?  Heterogeneous  systems  optimized  for  particular 
applications  are  certainly  one  possibility.  Examples  include  semiconductor  integrated 
circuits,  fiber-reinforced  metals,  and  barrier-layer  ferroelectric  capacitors.  For  the 
past  three  years  we  have  been  investigating  some  piezoelectric  and  pyroelectric  com¬ 
posites,  hoping  to  improve  some  of  the  properties  of  homogeneous  materials.  A  summary 
of  the  basic  ideas  was  published  last  year.l  Connectivity  is  a  critical  parameter  in 
composites  designed  for  use  as  piezoelectric  transducers  or  as  pyroelectric  detectors. 
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YEARS 

CURVE  OF  HISTORY  FOR  MATERIALS 


There  are  ten  connectivity  patterns  in  diphasic  solids,  ranging  from  a  0-0  unconnected 
checkerboard  pattern  to  a  3-3  intertwined  skeleton  pattern  in  which  both  phases  are 
three- dimensionally  self-connected. 

When  the  two  phases  are  connected  in  parallel,  the  longitudinal  piezoelectric 
voltage  coefficient  is 


VIdISII  +  VIIdIISI 

(vIsn+viisi)(vieII+vneI) 


Ir.  this  expression,  vj  and  v^j  are  the  volume  fractions  of  the  two  phases.  The  piezo¬ 
electric  coefficient,  elastic  compliance,  and  electric  permittivity  are  represented  by 
d,  s,  and  e,  respectively.  The  composite  of  interest  here  is  a  mechanically  stiff  ferro¬ 
electric  (phase  I)  in  parallel  with  a  soft  compliant  polymer  (phase  II),  then  dj  »  dn, 
SI  SII»  £i  >:>  eII>  anc*  8  =  dl/vIIEI*  Thus  the  voltage  coefficient  of  the  composite 
can  easily  exceed  that  of  the  solid  ferroelectric. 

In  this  paper  we  describe  some  processing  methods  for  making  3-3  and  3-1  connec¬ 
tivity  patterns  which  place  the  two  phases  in  parallel.  The  composites  give  large 
voltage  coefficients,  as  predicted  by  the  theory. 

A  number  of  other  research  groups  are  also  investigating  the  properties  of  ferro¬ 
electric  composites  with  interesting  connectivity  patterns.  Among  the  papers  presented 
at  this  conference,  there  are  examples  of  3-0,  3-1,  3-3,  and  2-2  patterns.  The  flexible 
PZT-polymer  films  described  by  Liu  and  Harrison^  are  3-0  structures  altered  to  3-1  by 
grinding,  while  the  properties  of  a  ladder-type  structure  with  3-3  connectivity  were 
reported  by  Miyashita  and  coworkers^.  The  internally  electroded  PZT  multilayers  inves¬ 
tigated  by  Bowen  and  coworkers^  are  an  excellent  example  of  a  metal-ceramic  composite 
with  2-2  connectivity. 


REPLAMINE  TRANSDUCERS 

Theoretical  calculations  indicate  that  a  composite  with  3-1  connectivity  will  have 
the  best  voltage  coefficients,  but  3-3  connectivity  offers  certain  advantages  in  sample 
preparation;  interconnections  between  the  PZT  fibers  maintain  the  fiber  orientation 
during  the  ceramic  processing  steps.  In  a  3-3  composite,  both  phases  are  self-connected 
in  all  these  directions.  Microstructures  of  this  type  occur  in  foams,  phase-separated 
glasses,  wood,  and  coral. 

Coral  skeletons  are  characterized  by  a  narrow  channel  size  distribution  with  com¬ 
plete  interconnectivity.  In  the  goniopera  coral  used  in  this  study,  the  largest 
channel  diameters  are  about  600  urn. 
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A  lost-wax  technique  has  been  developed  to  replicate  skeletal  structures  in  other 
materials. 5,6  As  illustrated  in  Fig.  2,  the  first  step  is  to  machine  the  coral  in  the 
desired  shape.  Using  vacuum  suction,  the  coral  template  is  then  impregnated  with  Kerr 
Inlay  casting  wax,  after  which  the  CaC03  skeleton  is  dissolved  away  in  hydrochloric 
acid.  The  wax  negative  is  reinvested  with  a  PZT  slip  (43  volume%  PZT,  53%  H2O,  4%  poly 
(vinyl  alcohol)).  Ultrasonics  PZT-501A  with  an  average  grain  size  of  1.6  ym  was  used 
in  the  process.  The  wax  negative  was  burned  off  at  300 °C,  leaving  a  coral  replica  of 
PZT  which  was  then  entered  at  1280°C  for  one  hour.  The  PZT  replica  was  later  back¬ 
filled  with  a  high-purity  silicone  rubber  (Dow  Corning  MDX-4-4210  Elastomer) .  After 
attaching  silver-loaded  silicone  rubber  electrodes,  the  composite  was  poled  for  five 
minutes  at  100 °C  under  an  electric  field  of  14  kV/cm. 

As  poled,  the  PZT-rubber  replica  is  mechanically  rigid,  but  flexing  the  composite 
fractures  the  ceramic  skeleton  and  improves  the  piezoelectric  properties.  Shearing  the 


structure  lowers  the  permittivity  without  appreciably  affecting  the  piezoelectric  d 
coefficient.  As  a  result,  the  longitudinal  voltage  coefficient  g33  is  greatly  enhanced 
r  •  r~ -  - -  “  " 


VACUUM  SUCTION 
OF  CASTING  WAX 


I  LEACH  CaCOz 
WITH  HCl 


''/vV.r-  BURNOUT  OF  WAX 
,  *  .W**  AND  SINTERING 
T  OF  PZT 


PREHACH I  ilED 


I  ',.'  >•  V 

PZT/WAX 

CASTING 


WAX  j 

: . 


PZT  REPLICA 


NEGATIVE 


(a) 


(b) 


i  PZT/P0LYI1ER  COMPOSITE  WITH  BOTH 
MATERIALS  CONTINUOUSLY  CONNECTED 
IN  THREE  DIMENSIONS  j 

m 

(c) 

Fig.  2  A  lost-wax  technique  to  replicate  skeletal  structures. 

-12  o 

The  measured  values  are  K33  =  40,  d33=100xl0  C/N,  and  g33  = 300x10  J  Vm/N,  about 
fifteen  times  better  than  a  solid  PZT  ceramic  of  similar  composition.  Three  other 
advantageous  properties  of  the  composite  are  low  density,  high  felxibility,  and  high 
tensile  strength. 

PIEZOELECTRIC  FIBERS  IN  PLASTIC 

Composites  with  3-1  connectivity  have  been  made  by  aligning  PZT  rods  in  a  plastic 
matrix.  In  the  3-1  model  (eq  1),  the  piezoelectric  effect  of  the  composite  depends  on 
the  volume  fractions  of  the  constituent  phases,  together  with  their  permittivities, 
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piezoelectric  coefficients,  and  elastic  compliances.  By  varying_the  spacing  between  the 
PZT  rodn  .imi  their  diameters,  the  conditions  maximizing  333  and  g33  are  under  study. 

PZT  md:i  are  formed  by  extruding  a  slip  of  commercial  PZTa  in  a  PVA  solution.  The 
slip  composition  was  90  wt%  PZT,  8%  water,  2%  PVA.  Using  dies  of  several  different  dia¬ 
meters,  ( Uo  slip  was  extruded  onto  a  moving  glass  plate  to  ensure  straightness  of  the 
green  PZT  rods.  After  drying  for  24  hours  at  room  temperature,  the  rods  were  cut  into 
35  mm  HcgmcntH  and  sintered  at  1305°C  for  a  half-hour. 

Initially,  the  PZT  rods  proved  difficult  to  pole  because  of  air  bubbles  introduced 
during  extrusion.  To  reduce  the  porosity  and  increase  the  electric  breakdown  strength, 
the  sintered  rods  were  refired  in  a  hot  isostatic  press  (HIP)  for  one  hour  at  1300°C 
under  a  200  atmosphere  pressure  of  argon.  The  final  density  was  7.82  g/cm^.  Rods  of 
0.84  mm  diameter  were  used  in  the  piezoelectric  measurements,  but  thinner  PZT  rods  of 
0.66,  0.4(i,  and  0.20  mm  diameter  have  been  produced  by  the  same  method. 

A  pair  of  brass  disks  with  drilled  holes  were  used  to  align  the  piezoelectric  rods 
in  parallel  arrays  (Fig.  3a).  Four  racks  were  made  with  different  hole  separations  to 
give  composites  with  50,  40,  30,  and  20  volume  percent  PZT.  After  alignment,  the  rack 
and  rods  were  placed  in  a  closed  plastic  tube  and  embedded  in  Spurrs  epoxyk.  Following 
a  setting  time  of  16  hours  at  70°C,  the  composite  slug  was  sliced  into  disks  with  a 
diamond  saw  (Fig.  3b).  Poling  was  carried  out  in  an  oil  bath  at  75°C  by  applying  a 
field  of  22  kV/cra  for  five  minutes. 

According  to  our  theoretical  model  for  parallel  connectivity1-,  the  d33  coefficient 
for  the  composite  is  approximately  equal  to  the  d33  value  of  the  piezoelectric  phase  if 
the  piezoclect rlc  is  mechanically  stiffer  than  the  second  phase.  As  long  as  the  piezo¬ 
electric  phase  acts  as  the  force-bearing  component  of  the  composite,  d33  will  be  in¬ 
dependent  of  volume  fraction.  Figure  4  shows  the  measured  values  for  the  PZT-Spurrs 
composites  with  3-1  connectivity.  The  d33  values  were  measured  with  a  Berlincourt  d33 
meterc  using  llat  metal  plates  on  the  surfaces  of  the  samples  to  distribute  the  weight 
evenly.  As  predicted  by  the  model,  the  measured  d33  values  are  independent  of  volume 
fraction,  but  are  only  about  75%  of  the  d33  value  of  PZT  501A  ceramic.  This  discrepancy 
may  be  due  to  Incomplete  poling  of  the  rods,  or  perhaps  to  the  approximations  involved 
in  the  theory. 

Electric  permittivity  and  piezoelectric  voltage  coefficients  are  also  plotted  in 
Fig.  4.  For  idealized  parallel  connectivity,  the  permittivity  of  a  diphasic  composite 
is  VjGj  +  V]ji [j,  where  Vj  and  are  the  volume  fractions  of  the  two  constituent 
phases  witli  penal ttivities  Gj  and&rj.  Since  the  dielectric  constant  of  PZT  (^  2000) 
is  much  larger  than  that  of  Spurrs  t^) »  the  dielectric  constant  of  the  composite  is 
about  2000  v,  where  v  is  the  volume  fraction  of  PZT.  This  expression  agrees  well  with 
the  measu; emetU  . 

The  piezoelectric  voltage  coefficient  g  is  defined  as  d/e.  Voltage  coefficients 
for  the  PZT-Spurrs  composites  increase  rapidly  at  low  volume  fractions  of  PZT  because 
of  the  decrease  In  permittivity.  Measured  g  values  for  the  composite  with  20%  PZT  were 
about  3.5  times  larger  than  solid  PZT. 

Experiments  are  now  underway  with  smaller  volume  fractions  of  PZT  and  with 
helical  l  II"  *  •  Uig.  3c).  When  arranged  in  bedspring  arrays,  the  PZT  spirals  show  some 
intercut  lug  piezoelectric  effects.  The  helices  were  made  in  two  ways:  by  extrusion  and 
by  casting.  Ilie  extrusion  technique  is  a  variation  on  the  method  described  earlier  for 
making,  straight  PZT  rods.  Immediately  following  extrusion,  the  green  fibers  were  wrapped 
around  a  pla.tlc  mandrel  to  form  spirals.  After  drying,  the  coils  were  slipped  off  the 
mandrel  and  sintered  at  1300°C  for  30  minutes  in  an  alumina  crucible.  To  protect  the 
coils  dmlng  sintering,  they  are  buried  in  coarse  PZT  powder. 

*P7.T  5<il  A ,  Ultrasonic  Powders,  Inc.,  South  Plainfield,  NJ  07080. 

“Ernest  I  .  I'ul  lam,  inc.,  Schenectady,  NY  12301. 
cChamie)  F'. 'ducts,  lnc..  Chagrin  Falls,  Ohio  44022. 
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Fig.  4  Plots  of  K,  d-j-j  and  g-j-i  versus 
volume  %  PZT. 


Fig.  5  Temperature  dependence  of  the 

pyroelectric  response  in  a  PZT: 
SPURRS  composite. 


Fig.  3  (a)  Alignment  of  the  piezoelectric 

rods  in  parallel  arrays  for  the 
composites  with  3-1  connectivity. 

(b)  PZT: SPURRS  composite  discs 
with  various  volume  percent  PZT. 

(c)  Helical  fibers  made  of  PZT. 
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Spirals  with  rectangular  cross-sections  were  made  by  casting.  A  metal  template 
was  made  by  machining  a  spiral  groove  on  the  surface  of  a  solid  cylindrical  rod.  The 
template  was  then  inserted  in  a  hollow  cylindrical  tube  fitted  with  end  pieces.  The 
metal  tube  was  then  partially  filled  with  PZT  501  slip  and  then  centrifuged  for  five 
minutes  at  3500  RPM.  The  template  and  cast  ceramic  were  removed  from  the  holder  and 
partially  dried.  Removal  of  the  green  ceramic  helix  from  the  template  was  accomplished 
by  inserting  the  template  into  a  hollow  cylinder  and  unscrewing  the  template  through  a 
blocking  pin,  leaving  the  ceramic  coil  inside  the  cylinder.  The  coil  was  allowed  to 
dry  for  24  hours  and  then  fired  by  the  usual  procedure. 

PYROELECTRIC  COMPOSITES 

During  the  past  year  we  have  also  been  studying  pyroelectric  composites,  seeking  to 
maximize  the  figure  of  merit  p/e  for  vidlcon  applications^-  for  simple  model  systems  sug¬ 
gest  that  two  phase  systems  with  suitably  chosen  connectivity  patterns  can  have  pyro¬ 
electric  coefficients  larger  than  either  individual  phase.  Two  pyroelectric  materials 
connected  in  parallel  have  a  composite  pyroelectric  coefficient 


p  =  vlPl  +  vIlPlI  + 


VIVII  (otII-aI)(dI-dII) 
VISII  +  VIISI 


where  Vj  and  v-jj-  are  the  volume  fractions  of  the  two  phases  and  p,  a,  d,  and  s  represent 
their  pyroelectric,  thermal  expansion,  piezoelectric,  and  elastic  compliance  coefficients. 
The  secondary  pyroelectric  effect  makes  a  major  contribution  whenever  there  is  an  appre¬ 
ciate  thermal  expansion  mismatch  between  the  two  phases. 

Pyroelectric  measurements  have  been  carried  out  on  the  PZT-plastic  composites  used 
in  the  piezoelectric  experiments.  Even  though  PZT  is  far  from  ideal  as  a  pyroelectric, 
it  can  be  used  in  model  systems  to  test  different  composite  geometries.  Current  stud¬ 
ies  on  the  PZT  based  materials  are  concerned  with  validating  the  measurement  procedures, 
ascertaining  the  optimum  connectivity,  and  exploring  the  influence  of  the  scale  of  the 
heterogeneity  in  relation  to  the  sample  dimensions. 

So  far  we  have  succeeded  in  demonstrating  that  PZT-Spurrs  composites  fabricated  by 
the  replamine  technique  improves  the  pyroelectric  figure  of  merit  p/e  by  a  factor  of  6 
over  that  of  solid  PZT.  The  temperature  dependence  of  the  pyroelectric  response  ex¬ 
hibits  an  interesting  compensation  point  where  the  primary  and  secondary  effects  cancel 
out  (Fig.  5).  AT  room  temperature  the  hard  plastic  mechanically  clamps  the  PZT,  but  at 
higher  temperatures  the  plastic  softens.  PZT-soft  polymer  composites  showed  no  enhance¬ 
ment  of  the  pyroelectric  figure  of  merit.  Major  changes  in  the  pyroelectric  response 
were  noted  when  the  sample  thickness  was  comparable  to  the  scale  of  the  composite  hetero¬ 
geneity. 


BORACITE  COMPOSITES 

Improper  ferroelectrics  such  as  the  boracites  (M3B7O13X:  M=Cu,Ni,Co,Fe,Mn;  X=C1, 
Br,I)  possess  unusual  property  coefficients,  including  a  large  figure  of  merit  for 
pyroelectric  vidicon  applications.^  The  pyroelectric  voltage  coefficients  of 
CU3B7O13CI,  Ni3B70i3Br  and  Fe^ByOj^I  are  larger  than  that  of  deuterated  triglycine 
fluoberyllate  (DTGFB) ,  but  a  number  of  problems  remain  to  be  solved  before  boracite 
crystals  can  be  used  for  vidicon  targets.  Crystals  larger  than  a  few  millimeters  of 
acceptable  chemical  homogeneity  and  free  from  fracture  are  very  difficult  to  grow  and 
pole. 
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Boracite-plastic  composites  appear  to  b  ■  an  attractive  alternative  to  the  single 
crystals.  Some  preliminary  measurements  were  made  using  Fe^B  0  I  crystallites  ob¬ 
tained  from  the  Plessey  Company.  The  tiny  crystals  were  crusnea  and  screened  between 
100  and  200  mesh  and  then  mounted  in  a  Spurrs  epoxy  film.  We  found  that  the  films 
became  strongly  pyroelectric  after  poling  and  that  the  signal  level  increases  with  the 
degree  of  poling.  The  figure  of  merit  of  the  composites  was  the  same  as  that  of  Fe-I 
boracite  single  crystals. 

There  are  two  excellent  reasons  why  the  boracite  composites  pole  so  easily:  first, 
the  dielectric  constant  of  boracite  is  about  the  same  as  the  plastic,  and  second,  bora¬ 
cite  has  twelve  domain  orientations,  far  more  than  most  ferroelectr ics .  Based  on  these 
encouraging  results,  it  seems  worthwhile  to  develop  processing  techniques  for  boracite 
composites  and  polycrystalline  aggregates  for  pyroelectric  applications. 
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COMPOSITES  OF  PZT  AND  EPOXY  FOR  TRANSDUCER  APPLICATIONS 
K.A.  Klicker,  J.V.  Biggers,  R.E.  Newnham 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Introduction 

Lead  Zirconate  titanate  solid  solutions  (PZT)  are  currently  used  in  many 
transducer  applications.  They  have,  however,  limited  utility  in  transducers 
used  under  hydrostatic  conditions  because  their  low  hydrostatic  piezoelectric 
coefficients  (dh)  and  voltage  coefficient  (gh).  The  low  coefficients  are  a 
result  of  the  coupling  of  the  d33  and  d31  coefficients.  Specifically 

dh  =  d33  +  2d31 

In  PZT's  d33  is  about  twice  the  magnitude  and  of  opposite  sign  of  d31 
resulting  in  a  very  low  value  of  d^.  The  voltage  coefficient  (g^)  is  related 
to  dh  by 


and  is  also  low  because  of  the  low  dh  and  high  permittivity  (£33)  of  PZT. 

It  is  possible  that  a  properly  designed  composite  material  of  PZT  and  a 
polymer  phase  might  decouple  d33  and  d31  and  lower  the  permittivity  resulting 
in  improved  values  of  d^  and  g^.  In  this  paper  we  will  describe  a  technique 
of  producing  composites  of  extruded  and  fired  PZT  rods  embedded  in  a  compliant 
polymer  matrix. 

Composites  have  been  made  using  PZT  particles  bound  in  a  matrix  of 
silicon  rubber.1  These  composites  were  not  only  flexible,  but  also  exhibited 
good  sensitivity  to  low  frequency  sound.  Density  of  the  composites 
varied  from  6.2  -  3.9  g/cc  depending  on  percent  silicon  rubber  in  the  compo¬ 
site  and  the  density  of  the  PZT  particles.  Composites  of  polymer  and  PZT 
have  also  been  prepared  by  use  of  the 'replamine  technique?2  Using  coral  as 
a  template,  composites  in  which  both  the  PZT  and  the  polymer  are  three  di¬ 
mensionally  connected  have  been  made.  These  transducers  also  have  low  density 
and  good  sensitivity. 
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The  properties  of  a  composite  are  influenced  by  the  connectivity3  of  the 
components  of  the  composite.  Connectivity  is  defined  as  the  number  of  dimen¬ 
sions  in  which  each  phase  is  continuous.  In  the  composite  made  by  the  repli- 
mine  technique,  for  example,  both  the  polymer  and  the  PZT  are  continuous  in 
all  three  dimensions  and  therefore  the  composite  has  3-3  connectivity.  A 
composite  with  3-1  connectivity  is  shown  in  Figure  1.  A  theory  for  piezo¬ 
electric  response  has  been  developed^ for  composites  of  3-1  connectivity  in 
which  rods  of  PZT  (phase  1)  are  embedded  in  a  three  dimensionally  continuous 
polymer.  The  PZT  rods  are  poled  along  their  length  and  therefore  the  3 
direction  of  the  composite,  as  shown  by  Figure  1,  is  along  the  direction  in 
which  the  rods  are  aligned.  The  theoretical  equations  for  a  composite  with 
3-1  connectivity  are  as  follows: 


d33  = 

^332533  +  2V2d331S33 

O) 

1  2  1 

V  S33  +  V  S33 

d3l  = 

^^31  +  2V2d31 

(2) 

e  3  3  = 

1 V 1 E  3  3  2V2e33 

(3) 

where  !v,  ^33,  1  d3 3 ,  ^33  and  ^33  are  respectively  the  volume  fraction, 
piezoelectric  coefficients,  elastic  compliance  and  permittivity  of  phase  one. 
The  average  coefficients  for  the  composite  are  d33,  d31  and  e33. 

If  the  following  conditions  are  assumed: 
iv  =  2v  =  0.5 
Jd33  »  2d33 

‘s33  «  2s33 

^33  »  2e33 

the  theoretical  results  are: 
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^33  ~  ^33  (4) 

d3i  *  0 . 5 1 d 3 !  (5) 

e33  =  0. 51£33  (6) 

The  piezoelectric  response  to  hydrostatic  pressure  (d^)  is  defined  as 

=  d  3  3  +  2d  3  j  (7) 


The  dh  coefficient  for  solid  PZT  is  small  because  d33  «  -2d31.  If  however  d31 
is  reduced  (if  d33  is  reduced  at  all)  then  the  value  of  dh  will  be  greater 
than  that  for  solid  PZT.  Substitution  of  equations  (4)  and  (5)  into  equation 
(6)  will  have  the  result  of 

d"h  =  d33  +  2d  3  j  =  id33  +  2(0. 5xd31 )  (8) 

This  theoretical  value  of  d^  for  the  composite  of  50  vol  %  PZT  is  greater  than 
the  of  solid  PZT.  Re-examination  of  equations  (1),  (2)  and  (7)  shows  that 
as  the  volume  fraction  of  PZT  is  reduced  from  the  value  of  0.5  used  above,  d33 
is  constant  but  d3J  will  be  further  reduced  and  dh  will  become  even  greater. 

Another  piezoelectric  coefficient  of  interest  is  the  hydrostatic  voltage 
coefficient  (gh)  which  is  defined  as 

d. 

%  '  <9> 

If  the  permittivity  of  phase  one  is  much  larger  than  the  permittivity  of 

phase  two,  equation  (3)  may  be  written  as 

^33  =  0°) 

If  the  conditions  assumed  above  are  used  equation  (10)  becomes 

e33  -  0 . 5 (e 3 3)  (11) 

The  theoretical  value  of  dh  for  a  composite  of  50  vol %  has  been  shown 
to  be  greater  than  dh  of  solid  PZT  (Equation  8)  and  e33  is  one  half  of  e33 
(Equation  11).  From  equation  (9),  g^  will  be  much  larger  than  gh  for  solid  PZT. 


According  to  the  theory,  d^  is  not  a  function  of  volume  %  PZT 
because  the  rods  bear  all  the  load  in  the  3  direction.  If  this  is  not 
strictly  true,  dg^  will  also  be  a  function  of  volume  %  PZT.  Figure  2 
illustrates  the  theoretical  behavior  of  d^  as  a  function  of  volume  %  PZT. 

Also  shown  is  the  behavior  in  a  general  case  where  dgg  is  a  function  of 
volume  %  PZT  but  to  a  lesser  degree  than  d^.and  the  case  where  both  dgg 
and  d^-j  are  strictly  a  function  of  volume  %  PZT. 

2.  Procedure 

Ninety  weight  percent  PZT  507A*was  mixed  by  hand  in  a  plastic  jar  with 
a  solution  of  20  weight  percent  PVA  and  80  weight  percent  water.  After  mixing 
the  jar  was  tightly  capped  and  put  onto  a  ball  mill  rack  and  allowed  to  spin 
for  16  hours.  The  spinning  helped  to  homogenize  the  batch.  Further  homogeni¬ 
zation  is  done  by  extruding  the  batch  through  a  50  mm  die  several  times. 

PZT  rods  are  then  extruded  onto  a  moving  glass  plate.  The  rods  are  dried 
on  the  glass  plates  for  ten  hours  at  120°C.  Dried  rods  are  cut  into  3  cm 
lengths,  laid  on  a  platinum  sheet  and  the  binder  is  burned  out  at  550°C  for 
1/2  hour.  Sintering  takes  place  in  a  sealed  alumina  crucible  at  1300°C  for 
one  half  hour.  A  PbO  vapor  source  of  composition  97  mole  %  501 A  and  3  mole 
%  PbO  is  included  in  the  crucible.5 

In  the  larger  extruded  rods,  porosity  exists  probably  due  to  the 
multiple  extrusions  carried  out  to  homogenize  the  batch  before  the  final 
extrusion.  To  reduce  this  porosity,  all  sintered  rods  were  re-fired  in  a 
hot  isostatic  press  (HIP)6  for  one  hour  at  1300°C  under  a  pressure  of  two 
hundred  atmospheres  of  argon.  Use  of  the  HIP  increasesthe  average  density 

♦Ultrasonics  Powders,  Inc.,  South  Plainfield,  NJ  (PZT  501A). 


of  the  rods  from  7.45  to  7.7  -  7.8  gm/cc.  Finished  rods  of  diameters  840, 

600,  400,  240  and  200  pm  were  made. 

A  fixture  consisting  of  two  brass  discs  in  which  an  array  of  holes  is 
drilled  is  used  to  align  the  rods.  Several  were  made  for  each  of  the  rod 
sizes  so  that  composites  of  50,  40,  30,  20  and  10  volume  %  PZT  could  be  made. 
The  polymer  used  in  this  work  was  an  epoxy.*  Once  a  rack  had  been  filled 
with  rods,  the  rack  was  placed  in  a  plastic  tube  with  two  closed  ends.  The 
tube  had  a  slot  cut  into  one  side  so  that  the  epoxy  could  be  poured  around 
the  rods.  To  assure  that  complete  investment  of  the  rods  by  the  epoxy  would 
not  be  hindered  by  air  bubles  trappy  between  the  rods,  an  apparatus  was  used 
which  placed  the  plastic  tube  and  its  contents  under  vacuum  while  the  epoxy 
was  poured  into  the  plastic  tube.  The  epoxy  was  cured  at  70°C  for  sixteen 
hours.  Parts  of  thickness  1,  2,  3  and  4  mm  were  cut  from  the  slug  with  a 
diamond  saw.  Some  of  these  parts  are  seen  in  Figure  3.  The  excess  epoxy 
around  the  composite  was  cut  off  so  that  only  the  composite  volume  remained. 

Air  dry  silver  electrodes  were  applied  and  the  parts  were  poled  in  a 
75°C  oil  bath  with  a  field  of  22  kv/cm  for  five  minutes.  Permittivity  was 

•fcic 

measured  at  1  KHZ.  d33  was  measured  with  a  d33  meter  using  the  two  rounded 
rams.  The  hydrostatic  piezoelectric  coefficient  (dh)  was  measured  by  changing 
pressure  in  an  oil  chamber  at  the  rate  of  500  psi/sec  and  collecting  the 
charge  with  an  electrometer  in  the  feedback  integration  mode  which  maintains 
nearly  zero  sample  potential.  Because  of  the  possible  influence  of 
rreversible  polarization  and  current  effects,  the  values  recorded  are  from 
•  ,  -  jns  utilizing  both  increasing  and  decreasing  pressure. 

r«w>  •  ‘ullurn,  Inc.,  Schenectady,  NY  No.  5135 

■  :jcts,  Chesterland,  Ohio,  Model  CPDT  3300. 


3.  Results  and  Discussion 

According  to  the  theory  already  described,  d33  would  not  be  a  function 
of  the  volume  fraction  of  PZT  in  the  composite.  This  assumes  an  ideal  situa¬ 
tion  in  which  the  polymer  phase  is  much  more  compliant  than  the  PZT  and  that  all 
the  stress  on  the  polymer  phase  is  transferred  to  the  PZT.  That  is,  as  the 
volume  %  PZT  decreases, the  pressure  on  the  PZT  increases  proportionally  so  that 
the  charge  per  unit  area  of  the  composite  is  constant.  It  is  not  necessary 
that  d33  of  the  composite  be  constant  with  respect  to  volume  %  PZT  for  dh 
to  be  enhanced  in  the  composite.  If,  as  the  volume  %  PZT  is  decreased  d31 

decreases  more  rapidly  than  d33  ,  then  dh  will  be  enhanced.  Likewise,  if 
e33  decreases  more  rapidly  than  dh, as  the  volume  %  PZT  is  decreased,  then 

gh  will  be  enhanced. 

3.1  d33  of  the  composites 

In  this  work  the  following  factors  were  varied:  volume  %  PZT,  diameter 
of  PZT  rods  and  sample  thickness.  The  combination  of  the  factors  of  rod 
diameter  and  volume  %  PZT  brings  in  a  fourth  factor:  the  separation  between 
the  rods.  Obviously,  if  the  stress  on  the  polymer  is  to  be  transferred  to 
the  PZT  rods,  the  distance  from  a  particular  unit  of  load  bearing  polymer 
to  the  nearest  rod  is  important.  In  the  composites  with  the  smaller  rods  at 
a  fixed  volume  %  PZT,  the  rods  are  much  closer  together.  For  this  reason  a  point 

measurement  of  d33  on  the  composites  should  become  more  constant  with  respect  to 
position  on  the  composite  surface  at  constant  volume  %  PZT  .  Thus,  if  the  rod  dia¬ 
meter  is  decreased,  the  composite  becomes  more  piezoelectrically  homogeneous. 

Figure  4. A  shows  that  for  volume  fractions  down  to  40  volume  %  PZT  the 
values  of  d33  are  comparable  to  the  value  of  d33  for  solid  PZT  501A  of  400. 

Below  40  vol%  PZT,  the  3  values  of  all  the  composites  decrease 


but  it  is  significant  to  note  that  the  d33  of  all  the  composites 

at  10  vol  %  are  still  greater  than  220  c/N.  If  d33  had  decreased  strictly  as 
a  function  of  volume  %  PZT  because  the  PZT  rods  were  not  bearing  any  part  of  the 
load  on  the  polymer,  the  calculated  d33  would  be  10%  of  solid  PZT  or  ^40  c/N. 

The  method  in  which  these  d33  values  were  measured  has  somewhat  effected  the 
way  d33  has  varied  as  a  function  of  volume  fraction  and  rod  diameter.  The 
d33  meter  measures  the  charge  developed  on  a  sample  due  to  a  stress  from 
two  rounded  rams  which  stress  the  sample  from  the  top  and  bottom.  Whether  or 
not  the  piezoelectric  response  of  composites  becomes  more  homogenous  is  hard 
to  determine  due  to  the  size  of  these  rounded  rams  with  regard  to  the  separa¬ 
tion  of  the  rods.  If  the  rams  are  in  physical  contact  with  the 
rods  then  the  force  on  the  rods  is  transmitted  directly  by  the  ram  and  not 
to  the  rods  via  the  polymer  phase.  It  would  not  be  justified  to  expect  a 
similar  d33  value  when  the  composite  is  stressed  hydrostatically  by  a  fluid 

and  a  sizeable  percentage  of  force  (equal  to  the  volume  %  of  polymer)  will 
fall  directly  on  the  polymer.  For  this  reason  the  d33  values  for  lower 
volume  fractions  of  PZT  where  the  rams  of  the  d33  meter  may  stress  the  polymer 
alone  are  probably  closer  to  the  true  d33  of  these  composites.  Each  of  the 
data  points  on  Figure  4. A  are  an  average  of  at  least  fifteen  values  measured 
at  random  over  the  electroded  surface  of  the  composite.  The  standard  devia¬ 
tion  of  these  values  are  shown  in  Figure  4.B.  The  piezoelectric  response 
has  indeed  become  more  homogeneous  as  the  rod  diameters  and  the 
distance  between  piezoelectric  elements  are  decreased.  All  the  values  shown  in 
Figure  4  were  measured  on  composites  with  a  4  mm  thickness.  The  d33  of 
composites  of  3,  2  and  1  mm  thickness  were  also  measured.  A  thickness  effect 
was  found.  For  all  composites  the  d33  decreased  as  the  composite  thickness 
increased.  This  thickness  effect  was  also  a  function  of  rod  diameter  and  volume 
%  PZT.  d33  decreased  as  the  separation  between  the  rods  increased. 


8 


3.2  dh  of  the  composites 

In  Figure  5, dh  is  plotted  as  a  function  of  composite  thickness,  rod 
diameter  and  volume  %  PZT.  As  was  found  with  the  measurements  on  the  d33 
meter,  d^  is  a  function  of  composite  thickness.  This  effect  nearly  dis¬ 
appears  for  the  400  micron  rods.  It  should  be  noted  that  for  most  of  the 
composites  measured,  regardless  of  composite  thickness,  rod  diameter  or 
volume  %  PZT,  the  dh  of  the  composite  is  greater  than  that  for  solid  PZT 
501  A.  PZT  501 A  pellets  were  cold  pressed,  sintered  and  fired  in  the  HIP 
along  with  the  rods  used  in  the  composites.  An  average  dh  value  of  30  -  32 
c/N  x  10"12  was  measured  on  these  pellets.  Composites  of  the  same  PZT  but 
with  much  lower  volume  fractions  of  PZT  have  higher  values  of  dh.  The 
theory  (Figure  2)  predicted  that  cf33  would  be  constant  and  that  d3J  would 

decrease  linearly  with  the  volume  fraction  PZT.  If  this  were  true,  d.  would 

h 

increase  linearly  as  the  value  fraction  of  PZT  was  decreased.  However, 
point  probing  indicates  that  d33  for  all  the  composites  decreased 
as  the  volume  fraction  of  PZT  decreased  below  40  vol  %  PZT.  If  d31  decreased 

as  the  theory  predicts  and  d33  decreased  at  a  slower  rate  then  dh  could 

either  decrease,  increase  or  be  constant  as  the  volume  %  PZT  decreased.  As 
shown  by  Figure  6,  all  of  these  occur.  All  the  data  in  Figure  7  were  measured 
on  composites  with  a  thickness  of  4  mm.  The  composites  of  rods  of  840  micron 

diameter  show  a  decrease  of  dh  as  volume  %  PZT  decreases.  From  a  volume 

fraction  of  0.4  to  a  volume  fraction  of  0.1  its  volume  %  PZT  has  decreased  75% 
but  the  d^  has  decreased  only  50%.  For  the  composites  of  600  micron  rods 
d^  is  nearly  constant  from  50  vol  %  down  to  20  vol  %.  The  composites  of  400 
micron  rods  actually  show  an  increase  of  dh  going  from  50  vol  %  down  to  20 
vol  %.  Although  d^  at  10  vol  %  is  the  lowest  for  all  the  rod  sizes  these 
composites  shown  the  largest  increases  in  dh  with  each  reduction  in  rod 
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diameter.  It  appears  that  if  the  rod  diameter  could  be  further  reduced,  the 
10  vol  %  composite  would  eventually  have  the  greatest  d^.  That  the  composite 
with  the  lowest  volume  fraction  of  PZT  would  have  the  highest  dh  is  predicted 
by  the  theory  but  the  magnitude  of  the  experimental  dh  value  are  less  than 
one  third  theoretical  value.  It  must  be  remembered  that  the  theory  called 
for  a  phase  2  which  was  much  more  compliant  than  phase  1.  As  the  epoxy  is  a 
stiff  polymer,  better  agreement  with  the  theory  should  be  found  when  an 
elastomer  is  used  as  the  phase  two. 

3. 3  Effects  on  e33  and  gh 

The  calculation  of  uses  the  equation  for  two  capacitors  in  parallel 

and  the  value  of  E^  varies  linearly  with  the  volume  fractions  of  the  two 
phases  present.  Since  e  of  the  PZT  is  'vl 600  and  that  of  the  epoxy  is  ^7, 
the  value  of  Egg  may  be  approximated  as  1600  x  volume  %  PZT.  The  experi- 
metal  values  of  £gg  agree  with  calculated  levels,  as  shown  by  Figure  7. 

Since  gh  equals  dh  divided  by  Egg,  constant  or  increasing  values  of  d^  with 
decreasing  volume  %  PZT  result  in  large  increases  in  the  value  of  gh-  Figure  8 
is  a  plot  of  the  gh  for  the  data  shown  in  Figures  6  and  7.  The  dotted  line 
in  Figure  8  represents  the  g^  of  solid  PZT  501A.  The  10  vol  %  composite 
of  254  micron  rods  has  a  gh  of  better  than  twenty-five  times  that  of  the 
solid  PZT.  Although  use  of  a  more  compliant  matter  would  not  appreciably 
affect  egg,  its  enhancement  of  dh  would  naturally  cause  a  corresponding 
increas  in  g^. 

Conclusions 

1.  A  technique  has  been  developed  for  fabrication  of  composites  of  ex¬ 
truded  PZT  rods  and  an  epoxy  matrix.  These  composites  have  3-1  connectivity. 
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2.  The  values  of  dh  and  of  such  a  composite  have  been  found  to  be  a 
function  of  the  diameter  of  the  PZT  rods,  the  spacing  between  the  PZT  rods 
and  the  thickness  of  the  composite. 

3.  dh  and  g^  are  probably  also  a  function  of  the  difference  in  the 
mechanical  compliances  of  the  PZT  and  the  epoxy. 

4.  Composites  with  high  values  of  d^  and  g^  have  bulk  densities 
of  less  than  1.8  gm/cc. 

5.  Composites  have  been  developed  with  a  d^  three  times  that  of  PZT 
501A  and  a  g^  at  least  twenty-five  times  greater. 
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FIGURE  2.  dh  AS  A  FUNCTION  OF  VOLUME  %  PZT,  ASSUMING  SEVERAL  RELATIONS 
OF  d33  and  d3i  TO  VOLUME  %  PZT. 
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FIGURE  4A.  d33  VS  VOLUME  %  PZT.  FIGURE  48.  STANDARD  DEVIATION  OF  d33  VALUES  AS 

A  FUNCTION  OF  VOLUME  %  PZT. 
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FIGURE  6.  d,  AS  A  FUNCTION  OF  VOLUME  %  PZT  AND  ROD  DIAMETER 
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FIGURE  7.  RELATIVE  PERMITTIVITY  AS  A  FUNCTION  OF  VOLUME  %  PZT. 
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SIMPLIFIED  FABRICATION  OF  PZT/POLYMER  COMPOSITES 


Thomas  R.  Shrout,  Walter  A.  Schulze  and  James  V.  Biggers 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT 

Skinner,  et  al.  prepared  PZT/polymer  composites  using  the  coral  repla- 
mine  process.  The  composites  were  found  to  have,  for  certain  applica¬ 
tions,  greatly  improved  electromechanical  and  physical  properties  over 
those  of  conventional  piezoelectric  materials.  However,  the  coral  re- 
plamine  process  requires  natural  coral  from  the  ocean  as  the  starting 
replica  material,  making  this  process  industrially  unfavorable. 

This  paper  discussed  PZT/polymer  composites  electromechanically  and 
physically  comparable  to  the  Skinner  replamine  composites.  Fabrication 
is  simplified  by  the  use  of  a  compacted  mixture  of  volatilizable  plastic 
spheres  and  PZT  powder,  which  when  sintered  yields  a  piezoelectric  with 
a  density  of  less  than  2.9  g/cm3,  a  permittivity  of  ^120  and  a  d33  of 
180x10  12  C/N.  The  improved  connectivity  increases  d^  (hydrostatic) 
from  'v35xl0-12  C/N  (solid  PZT)  to  100x10  12  C/N. 


Introduction 

Over  the  past  few  years,  several  researchers  (1-5)  have  looked  toward  com¬ 
posites  to  improve  electromechanical  properties  over  those  of  present-day  homo¬ 
geneous  piezoelectric  materials.  Specifically,  we  looked  toward  developing  a  com¬ 
posite  with  improved  properties  for  use  as  a  passive  electromechanical  trans¬ 
ducer,  e.g.  hydrophones,  medical  acoustic  devices,  etc. 

Skinner,  et  al.  (1)  developed  a  flexible  PZT  (lead  zirconate  titanate)  poly¬ 
mer  composite  transducer  in  which  the  two  phases  formed  interpenetrating  3- 
dimensional  networks.  This  form  of  diphasic  connectivity  is  referred  to  as  a  3:3 
structure  (6).  The  composite  was  designed  to  take  maximal  advantage  of  the  use¬ 
ful  properties  of  each  phase.  The  resultant  composite  had  a  low  density  for  im¬ 
proved  acoustic  coupling  to  water  or  human  tissue,  was  compliant  to  better  resist 
mechanical  shock  and  provide  high  damping  (low  mechanical  Q) ,  and  could  be  flex¬ 
ible  (depending  on  type  of  polymer).  Flexibility  offers  the  interesting  possi¬ 
bility  of  fabricating  a  conformable  detector.  Most  importantly,  the  composite 
was  found  to  exhibit  a  very  large  piezoelectric  voltage  coefficient  referred  to 
as  the  g-coef ficient. 


The  g-coeff icient  as  reported  by  Skinner,  is  commonly  used  as  the  "Figure  of 
Merit"  for  passive  sensing  transducers. 


Skinner,  et  al.  prepared  the  PZT/polymer  composites  uitlizing  a  complex 
coral  replamine  process  developed  for  the  fabrication  of  prosthetic  materials 
(7).  This  process  is  not  likely  to  be  industrially  feasible  and  has  problems 
in  reproducibility  (8). 


It  was  the  intention  of  this  work,  and  other  authors  (4,5)  to  fabricate 
3:3  connected  PZT/polymer  composites  by  utilizing  a  simpler  fabrication  tech¬ 
nique  than  the  coral  replamine  process.  PZT/polymer  composites,  having  3:3  con¬ 
nectivity,  were  fabricated  by  sintering  compacted  mixtures  of  burnable  (vola- 
tilizable)  plastic  spheres  and  PZT  powder.  The  highly  porous  ceramic  body  pro¬ 
duced  can  then  be  vacuum  impregnated  with  a  polymer. 


Electromechanical  and  physical  properties  were  measured  and  compared  to 
those  reported  by  Skinner  (1,8).  Materials  and  certain  experimental  procedures 
used  by  Skinner  were  chosen  to  justify  a  comparison  (details  can  also  be  found 
in  Ref.  8). 


Experimental  Procedure 


Sample  Preparation 


A  commercially  available  PZT  powder1  was  thoroughly  mixed  with  polymethyl 
methacrylate  (PMM)2  spheres  in  a  30/70  volume  ratio.  PMM  spheres  ranged  between 
50  and  150  microns  in  diameter  and  the  PZT  powder  size  range  was  between  1  and 
4  microns.  One-inch  pellets  were  pressed,  using  a  few  weight  percent  polyvinyl- 
alcohol  for  enhancing  green  strength.  The  pellets  were  heated  slowly  to  400°C 
over  a  12-hour  period  to  volatilize  the  PMM  spheres.  A  slow  heating  rate  is 
needed  to  prevent  excessive  cracking.  Sintering  was  done  in  closed  high-purity 
alumina  crucibles.  The  pellets  were  placed  on  Pt  foil  and  lead  zirconate  was 
added  as  a  source  of  PbO.  A  silicon  carbide  resistance  furnace  with  a  program¬ 
mable  controller  was  used,  the  heating  rate  being  200°C/hr  with  a  soak  tempera¬ 
ture  of  1305°C  for  a  period  of  0.5  hours.  The  samples  were  allowed  to  cool  in 
the  furnace  with  power  off. 


The  highly  porous  pellets  were  easily  vacuum  impregnated  with  two  of  the 
polymers  used  by  Skinner.  A  high-purity  silicone  rubber  elastomer3  and  a  stiff 
vinylcyclohexene  dioxide  epoxy4  were  used. 


Ultrasonic  Powder  PZT-501A,  Ultrasonics  Powders,  Inc.,  2383  S.  Clinton  Avenue, 
South  Plainsf ield,  NJ  07080. 

2Polysciences,  Inc.,  Warrington,  PA  18976. 

3Dow  Corning' s  MDX-4-4210,  Dow  Corning  Co.,  Medical  Products,  Midland,  MI  48640. 

4Spurrs  Low-Viscosity  Embedding  Media,  No.  5135,  Polysciences,  Inc.,  Warrington, 
PA  18976. 


Measurements 


3 


Electrodes  of  sputtered  on  gold  and/or  air-dry  silver  were  applied.  Dielec¬ 
tric  permittivity  and  loss  (tan  5)  were  measured  using  an  automatic  capacitance 
bridge5  at  1  KHz.  The  composites  were  poled  in  a  stirred  oil  bath  at  80-90°C  by 
applying  a  dc  field  ranging  from  15-30  Kv/cm  for  at  least  five  minutes.  The  com¬ 
pleteness  of  poling  was  checked  after  24  hours  by  measuring  the  piezoelectric 
d33  coefficient  using  a  Berlincourt  d33  meter6. 

Hydrostatic  piezoelectic  coefficient,  d^,  was  determined  by  a  pseudostatic 
method.  Pressure  was  changed  at  a  rate  of  500  psi/sec.,  while  charge  was  col¬ 
lected  by  a  Keithly  Electrometer7  in  the  feedback  charge  integration  mode. 
Piezoelectric  d33,  djj  and  dielectric  permittivity  were  also  measured  for  flexed 
PZT/silicone  rubber  composites. 

A  resonance  testing  apparatus,  based  on  the  IRE  Standards  on  Piezoelectric 
Crystals  (9),  was  used  to  measure  electromechanical  coupling  factors.  Young's 
Modulus,  and  the  mechanical  quality  factor  Q.  Measurements  were  made  on  both  the 
PZT/Spurrs  and  PZT/silicone  rubber  materials. 

Results  and  Discussion 


Microstructure 

Typical  SEM  micrographs  of  a  PZT/Spurrs  composite  can  be  seen  in  Figs,  la 
and  b.  This  microstructure  also  typifies  the  microstructure  of  the  PZT/silicone 
rubber  composite.  It  is  clearly  seen  that  the  two  phases  are  randomly  intercon¬ 
nected.  The  size  of  the  PZT  phase  regions  ranged  from  a  few  microns  to  100 
microns,  whereas  the  polymer  regions  ranged  from  20  to  120  ym  and  were  quite 
spherical  in  nature.  The  interconnecting  polymer  regions  could  range  from  a  few 
microns  to  100  microns.  Skinner's  PZT  replamine  microstructure  analysis  showed 
a  much  more  open  structure  with  the  PZT  regions  being  about  200  yin  in  diameter 
and  the  polymer  regions  in  the  order  of  500  ym  in  diameter.  Vacuum  impregnation 
of  the  polymer  was  complete,  leaving  no  noticeable  porous  regions.  The  ability 
to  apply  large  poling  fields  >30  Kv/cm  before  dielectric  breakdown  is  also  indi¬ 
cative  of  complete  impregnation. 

The  finer  3:3  diphasic  composite  should  exhibit  more  homogeneous  electro¬ 
mechanical  and  physical  properties.  In  other  words,  properties  would  be  less 
area  sensitive  to  location  of  measurement  and  allow  the  fabrication  of  thinner 
devices  before  deviation  from  bulk  properties. 

Electromechanical  and  Physical  Data 

Properties  reported  in  Table  1  present  direct  comparisons  between  Skinner's 
replamine  composites  and  those  fabricated  in  this  work  to  the  homogeneous 
PZT-501A  transducer  material. 

The  densities  of  the  composites  fabricated  in  this  work  were  found  to  be 


5Hewlett  Packard  (Model  4270A)  Automatic  Capacitance  Bridge,  Hewlett  Packard 
1-59-1  Yoyogi,  Tokyo,  Japan  151. 

6Berlincourt  (Model  333)  D33  Meter,  Channel  Products,  Inc.,  16722  Park  Circle 
Drive,  Chagrin  Falls,  OH  44020. 

7Keithly  (Model  616)  Digital  Electrometer,  Keithly  Instruments,  Inc.,  Cleveland, 
OH. 


lower  (2.7  g/cc) 
than  the  replamine 
composites  (3.3 
g/cc).  This  should 
further  improve 
acoustic  impedance 
matching  to  water 
or  body  tissue  over 
that  of  homogeneous 
PZT  materials. 


Piezoelectric  633  coefficients  varied  little  between  the  replamine  and  PMM 
composites.  Variations  in  d  values  were  primarily  due  to  breakage  of  ceramic 


Q 

Dielectric  permittivities  of  the  silicone  rubber  and  Spurrs  epoxy  were  3  and  6, 
respectively. 


FIG.  1 


The  replamine 
composites  were 
reported  to  exhibit 
dielectric  breakdown 
strengths  less  than 
20  Kv/cm,  whereas 
the  present  composites 
break  down  at  25-30 
Kv/cm.  The  lower 
breakdown  strength 
is  believed  to  be 
accredited  to 
imcomplete  vacuum 
impregnation  brought 
about  by  the  complex 
nature  of  the 
replamine  fabrication 
technique . 


Photomicrographs  of  PZT/Spurrs  Composite  (1000X). 

It  was  expected 
that  since  the  PMM 

composites  contained  the  highest  amount  of  polymer8,  they  should  have  the 
lowest  permittivities  (10).  This  was  not  found  to  be  the  case.  No  reasonable 
explanation  can  be  given  at  this.  time. 


Elastic  com¬ 
pliances  were  not 
reported  for  the 
replamine  composites, 
but  would  be  similar 
to  those  reported 
in  this  study.  The 
composites,  being 
much  more  compliant 
than  the  stiff  PZT 
ceramic,  would  both 
be  more  resistant 
to  mechanical 
shock. 
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TA3LE  1 


Comparison  of  Electromechanical  and  Physical  Properties  of  PZT/Polymer  Composites. 


homogeneous  Skinner's  Replamine  Composites  PMM  Composites 

property  PZT/501A1  PZT/Silicone  Rubber  PZT/Spurrs  PZT/Silicone  Rubber  PZT/Spurrs 


density 

(g/cm-*) 

7.9 

3.3 

3.3 

2.8 

2.8 

dielectric 

breakdown 

(Kv/cm) 

30-40 

15-20 

unbroken  broken 

15-29 

>25 

unbroken 

broken 

25-35 

dielectric 
constant  (k) 

2000 

vl00 

v40 

vl00 

100-200 

40-100 

110-250 

piezo  d33 
(xlO  12  C/N) 

400 

120-180 

90-100 

140-160 

160-240 

80-100 

60-110 

83  3 

(xl0_3Vm/N) 

20 

135-200 

n.280 

160-180 

112-220 

90-230 

60-112 

Sh  , 

(xlO  3 Vm/N) 

4 

v303 

... 

1904 

50-70 

15-25 

^40 

'Ultrsonic  Powder,  Inc.,  "Piezosonic  Powders"  data  sheet. 

2Unbroken  PZT/silicone  rubber  composites  before  the  3:3  connectivity  was  disrupted  (broken). 
3The  Sh'hydro static  coefficient  measured  at  82  psi  (reference  8). 

4The  g[,  value  recorded  at  applied  pressures  up  to  500  psi  before  partial  disruption  of  connec¬ 
tivity,  and  lower  values  at  higher  pressures. 


connections  during  sample  preparation.  This  was  especially  true  for  the  soft 
PZT/silicone  rubber  composites. 

A  thickness  effect  on  electromechanical  properties  was  indicated  on  PZT/ 
Spurrs  samples  prepared  in  this  work.  Samples  prepared  for  resonance,  being 
(<0.08  cm)  had  degraded  properties  as  compared  to  thicker  samples  (0.2  cm).  It 
is  believed  that  when  the  sample  size  approaches  that  of  individual  phases,  the 
composite  no  longer  depicts  a  homogeneous  body. 

The  most  important  parameter  for  a  passive  receiver  material  is  the  g 
coefficient.  The  g33  values  reported  were  computed  from  the  measured  d  values 
and  from  the  permittivities.  The  g  values  for  PZT/silicone  rubber  were  found 
to  be  similar  for  both  types  of  composites. 

Skinner  found  that  when  the  ceramic  connectivity  was  broken  (flexible  PZT/ 
silicone  rubber  composites)  the  d  values  decreased  less  rapidly  than  did  the 
permittivity,  resulting  in  improved  g  values.  Little  improvement  was  found  for 
the  PMM  prepared  PZT/silicone  rubber  composites.  Upon  breaking  the  connectivity, 
the  permittivity  was  only  reduced  by  a  factor  similar  to  the  reduction  in  d 
values.  The  g33  values  remained  on  the  order  of  5-10  times  larger  than  listed 
g33  values  of  homogeneous  FZT-501A. 

Hydrostatic  g  values  were  reported  only  for  the  flexible  replamine  PZT/ 
silicone  rubber  composites.  When  a  hydrostatic  pressure  of  82  psi  was  applied, 
the  gh  value  dropped  from  an  initial  value  of  lOOxlO*3  Vm/N  to  30x10  3Vm/N  due  to 
an  increase  in  permittivity  induced  by  a  closing-up  of  the  interrupted  connec¬ 
tivity. 

Hydrostatic  g  values  found  for  flexible  PZT/silicone  rubber  composites  fab¬ 
ricated  in  this  work  were  from  15-25x10  3Vm/N.  Values  of  g^  for  unbroken 
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TABLE  2 


Comparison  of  Physical  and  Electromechanical  Properties  Determined  by  Resonance. 


property 

homogeneous 

PZT-501A1 

PMM  composites 
PZT/Silicor.e  Kubber 

PZT/Spurrs 

Young's  modulus 

Y$3  (xlO+10N/M2) 

6.8 

0.25 

1.3 

thickness  coupling  coef. 
kT  (2) 

s.60 

25-30 

17-23 

mechanical  Q  (thickness) 

s.70 

10-15 

16-25 

frequency  constant 
^thickness  (Hz*m) 

■U2100 

530-550 

1050 

PZT/silicone  rubber  composites  were  found  to  be  nearly  200x10  3Vm/N  for  applied 
pressures  up  to_500  psi.  Pressures  greater  than  that  reduced  the  values  to 
around  50-70x10  3Vm/N.  This  was  due  to  a  partial  breaking  of  the  ceramic 
connectivity  accredited  to  the  high  pressure.  This  phenomenon  was  verified  by 
a  reduction  in  permittivity.  Hydrostatic  g  values  for  PZT/Spurrs  composites 
were  around  40x10  3Vm/N  and  were  found  to  be  insensitive  to  pressure.  Due  to 
lack  of  gft  data  on  the  replamine  PZT/polymer  composites,  a  reasonable  compari¬ 
son  could  not  be  made.  The  important  point  is  that  gft  values  for  all  the  PMM- 
PZT/polymer  composites  were  considerably  higher  than  the  g^  value  of  homogeneous 
PZT. 


Table  2  lists  resonance  data  for  PMM-PZT/polymer  composites  and  the  homo¬ 
geneous  PZT-501A.  Skinner  was  unable  to  measure  reliably  any  resonance  data. 

As  expected,  the  compliance  of  the  PZT/polymer  composites  was  much  higher 
than  homogeneous  PZT.  The  thickness  coupling  factor  (k^)  was  reduced  by  a 
factor  of  2-3,  as  predicted  in  Reference  (11).  Mechanical  Q  values  were  found 
to  be  quite  low,  suggesting  that  the  PMM  composite  material  mky  be  applicable 
with  little  external  damping. 


Summary  and  Conclusions 

PZT/polymer  composites  were  found  to  be  comparable  to  those  produced  by 
Skinner  while  being  fabricated  by  a  relatively  simple  process.  The  process  in¬ 
volved  the  sintering  of  compacted  mixtures  of  volatilizable  poly  methyl  metho- 
crylate  spheres  and  PZT  powder.  This  process  is  industrially  more  feasible,  as 
compared  to  the  coral  replamine  process,  for  the  production  of  passive  piezo¬ 
electric  transducers. 

The  reduced  scale  of  these  composites  and  the  possibility  of  further  reduc¬ 
tions  allow  the  use  of  composite  piezoelectrics  in  thinner  or  higher  frequency 
devices.  The  low  density  and  natural  low  Q  suggest  that  these  composite  ma¬ 
terials  may  be  used  both  in  water  and  medical  ultrasound  applications  with  much 
less  or  none  of  the  impedance  matching  and  damping  necessary  with  solid  PZT 
active  elements. 

The  improved  hydrostatic  sensitivity  of  the  flexible  PMM  composite  over  the 
replamine  material  is  encouraging,  but  the  degradation  of  g^  with  pressure 
found  in  both  systems  suggests  that  the  high  compliance  (which  allows  rupture  of 
the  active  phase)may  be  inherently  unstable.  The  Spurrs/PZT  composites,  however, 
suggest  that  by  varying  the  compliance  of  the  organic  phase  a  rigid  but  more 


sensitive  material  could  be  fabricated.  This  would  allow  the  production  of  a 
hydrophone  of  simple  geometry  that  should  be  lighter  and  tougher  than  existing 
equipment . 
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PIEZOELECTRIC  PROPERTIES  OF  INTERNALLY 
ELECTRODED  PZT  MULTILAYERS 
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Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Platinum  internal  eleetrod.es  hare  been  introduced  into  PZT  compositions  in 
a  multilayer  configuration  by  a  conventional  tape  casting  process.  Elec¬ 
trical  property  data  for  the  devices  suggest  that  the  piezoelectric  coef¬ 
ficients  of  the  multilayer  configuration  are  approximately  20%  lower  than 
those  of  similar  plain  PZT  devices.  However ,  the  applied  voltage/ displace¬ 
ment  ratio  is  much  lower  in  the  multilayer  compared  to  the  plain  devices. 
Resonant  properties  are  almost  unaffected  by  the  presence  of  internal  elec¬ 
trodes  for  hard  PZT  compositions.  Piezoelectric  transformers  with  multi¬ 
layer  primaries  show  improved  transformer  ratios  compared  to  conventional 
devices . 


INTRODUCTION 

For  electromechanical  transducer  applications,  materials  in  the  lead  zirconate-lead 
titanate  solid  solution  series  are  widely  used  because  of  their  high  piezoelectric  coef¬ 
ficient  and  favorable  chemical  and  mechanical  properties.  Although  electrical  driving 
conditions  for  PZT  transducers  vary  depending  on  their  composition  and  dimensions,  for 
most  applications  a  high  driving  voltage  is  required  and  consequently  impedance  matching 
can  be  difficult.  Attempts  have  been  made^  to  overcome  this  problem  by  bonding  together 
electroded  piezoelectric  discs  with  organic  adhesive  to  form  internally  electroded  macro¬ 
composites.  Although  success  has  been  obtained  in  some  applications  using  this  approach 
it  should  be  possible  using  existing  multilayer  capacitor  technology  to  produce  compo¬ 
sites  with  improved  electromechanical  properties. 

In  this  paper  we  investigate  the  effect  of  cofired  internal  electrodes  on  both  res¬ 
onant  and  displacement  piezoelectric  devices.  The  modifications  result  in  greatly 
reduced  operating  voltages  and  in  increased  device  capacitance. 

EXPERIMENTAL 

The  basic  electrode  configuration  used  in  the  piezoelectric  devices  is  shown  in 
Fig.  la  and  is  the  same  as  that  used  in  multilayer  capacitors.  In  such  a  device  the 
poling  of  alternate  layers  is  of  opposite  direction,  but  the  responses  are  additive  in 
either  a  driven  or  driver  mode.  Figure  lb  is  a  plain  device  used  as  a  control,  and 
Fig.  lc  is  an  exposed  electrode  "sandwich"  used  to  test  for  effects  of  internal  elec¬ 
trodes  on  electrical  properties. 

The  devices  were  prepared  by  standard  tape  casting  techniques  using  commercial  PZT 
powdera  and  a  commercial  doctor  blade  medial. 2  Internal  electrodes  were  applied  by 

aUltrasonic  Powders,  Inc.,  South  Plainfield,  NJ  07080.  Type  501A  soft  and  401-888  hard, 
bcladan  Inc.,  San  Diego,  CA,  type  B42. 
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(c)  ELECTRIC  flELB  IKV  W1) 


FIGURE  1.  Device  configurations  under 

investigation  (a)  multilayer;  (b)  plain  FIGURE  2.  Strain/ electric  field  data 

(c)  sandwich.  for  devices  prepared  from  501A  PZT. 


screen  printing  platinum  inkc  onto  the  dried  cast  tape.  Standard  PZT  firing  techniques, 
described  elsewhere, ^  yielded  a  95%  dense  product,  although  some  specimens  fired  in  a 
hot  isostatic  press  under  20  MNm~2  argon  pressure  had  densities  near  to  the  theoretical 
maximum. 

RESULTS 

Table  I  summarizes  the  electrical  data.  Some  reduction  in  permittivity  was  noted 
in  the  internally  electroded  structures.  In  the  case  of  the  multilayer  devices  this  may 
be  due  to  errors  in  the  estimated  active  electrode  area,  although  it  is  possible  that 
increased  porosity  may  have  been  present  in  the  internally  electroded  devices  which 
would  lower  the  permittivity . ^  The  piezoelectric  coefficient  d33  as  measured  on  a  Ber- 

lincourt  meter^  is  affected  only  in  the  multilayer  configuration. 

The  strain/field  characteristics  for  the  "soft"  PZT  are  shown  in  Fig.  2.  The  elec¬ 
trodes  in  the  sandwich  structure  act  only  as  equipotential  planes  and  have  no  effect  on 
strain.  The  multilayer  capacitor  configuration,  by  its  nature  of  two  separate  electrode 
systems  and  insulated  electrode  edges,  has  areas  of  inactive  ceramic  that  can  reduce 
displacement.  Figure  3  illustrates  this  clamping  effect  by  comparing  displacements  in 
the  center  of  the  active  region  to  a  partially  clamped  edge.  Even  though  the  strain  is 
somewhat  reduced  by  clamping,  the  voltage  required  to  achieve  an  equivalent  strain  for 
the  five  layer  test  device  is  only  one-third  that  of  a  solid  ceramic  part. 

To  demonstrate  feasibility  of  a  multilayer  displacement  transducer,  a  100  layer  de¬ 
vice  was  constructed  from  PZT  401-888  (lower  hysteresis  than  501A)  and  driven  through  d33> 
For  this  25  mm  long  device  a  displacement  of  4.5  ym  was  achieved  with  only  200  volts. 

cEnglehard  Industries,  East  Newark,  NJ  07029,  Type  E-305-A. 

^Channel  Products,  Inc.,  Chagrin  Falls,  OH  44022. 


PIEZOELECTRIC  PROPERTIES  OF  INTERNALLY  ELECTRODED  PZT  MULTILAYERS 


TABLE  I 


Specimen  Poling 

Configuration  Conditions 


(1  kHz, 
Low  Field) 


CN  xlO  (Longitudinal 
(Low  Field)  Mode) 


501A  plain  3000  KV  m 
501A  sandwich  2  minutes 
501A  multi-  10QOc 
layer* 

501A  commer¬ 
cial  data 


401-888  plain 
401-888  sand¬ 
wich 

401-888  multi¬ 
layer* 
401-888  commer¬ 
cial  data 


10  minutes 


♦Active  area  approximated 


RESONANT  PROPERTIES 


Mechanical  quality  factor,  Qm, is  listed  in  Table  I.  The  experimental  values  were 
found  to  be  lower  than  the  manufacturer's  values.  This  discrepancy  may  have  arisen  from 
differences  in  the  ceramic  processing  and/or  from  differences1  in  measuring  technique, 
since  the  commercial  data  are  from  radial  mode  resonance,  whereas  the  present  data  are 
from  the  fundamental  longitudinal  mode  resonance  of  thin  bars.  When  density  effects  were 
eliminated  by  hot  pressing,  PZT  401-888  material  had  a  Qm  of  600  for  both  the  plain  and 
sandwich  configurations. 


STRAIN 


units 


100(1 

flECISK  FIELD  (KV  »•>! 


FIGURE  4.  Resonance  spectra  foj  401-888 
PZT  (horizontal  scale IMHz/division) .  Upper 
trace:  plain  material.  Lower  trace:  inter¬ 
nally  electroded  material. 


FIGURE  3.  Strain/electric  field  data 
for  501A  PZT  illustrating  the  edge 
clamping  effect. 
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Resonance  spectra  over  a  frequency  range  of  0.1  to  10  MHz  show  little  difference 
for  the  control  and  internally  electroded  bars,  the  least  variation  occurring  in  com¬ 
posites  of  the  high  Qm  material,  PZT  401-888  (Fig.  4).  An  understanding  of  the  lack  of 
influence  of  internal  electrodes  on  the  frequency  constant,  N,  of  a  piezoelectric  res¬ 
onator  can  be  better  attained  by  considering  the  classical  resonance  equation: 

N  =  frL  =  1/2/pS 

where  *fr  is  the  fundamental  resonance  frequency,  L  the  governing  dimension,  p  the  den¬ 
sity,  and  S  the  elastic  compliance.  The  alternate  metal  and  ceramic  layers  in  the  in¬ 
ternally  electroded  specimens  can  be  closely  approximated  by  a  series  model5.  Values 
of  the  mean  density  and  mean  elastic  compliance  derived  from  this  model  show  an  increase 
and  a  reduction  respectively  and  thus  compensate  to  some  extent.  In  addition,  for  compo¬ 
sites  having  a  large  ceramic-to-metal  layer  thickness  ratio  the  series  model  predicts 
only  small  changes  in  frequency  constant,  in  agreement  with  the  observed  change  of  less 
than  3%. 

A  resonance  application  in  which  internal  electrodes  may  be  useful  is  in  increasing 
the  voltage  step-up  ratio  of  the  piezoelectric  transformer.  Here  the  transformer  rate 
may  be  multiplied  by  the  number  of  layers  introduced  into  the  primary  end  of  the  conven¬ 
tional  bar-shaped  transformer.5  A  second  advantage  is  that  the  ends  of  the  internal 
electrodes  that  act  as  the  low  side  of  the  secondary  circuit  allow  a  more  uniform  poling 
and  larger  electrode  area  which  increases  the  current  capacity,  hence  the  power  of  the 
secondary.  If  DC  isolation  of  the  primary  and  secondary  is  required  a  thin  section  of 
strip  electrodes  may  be  included  as  the  low  side  of  the  secondary  circuit. 

Transformers  with  dimensions  13  x  6  x  1.5  mm  with  10  active  layer  primaries  were 
constructed  and  driven  at  resonance  (approximately  100  kHz) ,  and  the  voltage  step-up 
ratio  compared  with  conventional  transformers.  Although  the  transformer  ratio  was 
strongly  dependent  on  load  impedance  for  both  types  of  device,  the  ratio  in  the  multi¬ 
layer  case  was  increased  over  ten  times  compared  to  the  conventional  design.5 

CONCLUSIONS 

Platinum  internal  electrodes  have  been  introduced  into  commercial  PZT  formulations 
by  standard  thick  film  techniques.  The  results  indicate  little  change  in  resonance 
characteristics  and  large  reductions  in  the  driving  voltages.  The  reduction  in  voltage 
is  somewhat  offset  by  the  physical  clamping  of  inactive  ceramic  necessary  to  separate 
electrode  sets.  The  driving  and  poling  fields  may  be  increased  without  danger  of  dielec¬ 
tric  breakdown  because  of  the  decreased  ceramic  layer  thickness.  Tape  casting  is  a  re¬ 
fined  technique  that  along  with  screen  printed  electrodes  is  highly  versatile  in 
producing  complex  sizes  and  shapes. 
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ABSTRACT 

A  composite  resonator  was  designed  and  fabricated  by  the  use 
of  a  multilayer  tape  casting  technique.  A  multilayer  composite 
composed  of  Pb^  Mglft^Og  and  0.8  Pb^Mgftt^Og  +0.2  PbTiO^  (chosen 
for  their  nearly  compensating  resonant  temperature  coefficients) 
was  found  to  have  improved  temperature  stability.  Resonant  frequency 
changes  of  <60  ppm/°C  were  found  over  a  temperature  range  of  -10°C 
to  80°C. 


INTRODUCTION 


Piezoelectric  crystals  and  ceramics  are  widely  used  for  most  acoustic 
and  ultrasonic  device  applications.  Temperature  and  time  stability  of  sound 
velocity,  which  determines  the  characteristic  resonant  frequency,  is  of  great 
importance  for  both  bulk  (1)  and  surface  wave  devices  (2) .  The  stability  as 
a  function  of  time  is  influenced  by  crystal  imperfections  and/or  the  micro¬ 
structure,  whereas  the  temperature  coefficients  depend  largely  on  crystal 
structure  and  orientation  (3) . 

Single-crystal  quartz  is  a  well  known  example  in  which  suitably  chosen 
crystal  cuts  minimize  the  temperature  dependence  of  sound  velocity.  However, 
minimized  temperature  cuts  usually  result  in  reduced  electromechanical 
coupling  properties  (1) . 

Single  crystals  are,  in  general,  costlier  than  polycrystalline  materials 
such  as  modified  (PbfTi.Zr)©^)  PZT.  This  realization  has  been  the  basis  of 
extensive  investigations  attempting  to  minimize  temperature  and  time  coeffi¬ 
cients  by  the  use  of  additives  (4-8) .  It  was  the  intention  of  this  work  to 
show  the  feasibility  of  designing  composite  resonators  exhibiting  minimized 
temperature  coefficients. 


the  poissons  ratio. 


For  most  materials,  the  elastic  compliance  increases  gradually  with  tem¬ 
perature,  producing  a  positive  temperature  coefficient.  At  structural  phase 
changes,  however,  the  elastic  coefficients  often  show  anomalous  behavior, 
"softening,"  or  a  negative  temperature  coefficient  (8) . 

Lead  magnesium  niobate  (Pb^Mglft^Og) ,  a  relaxor  ferroelectric,  was  found 
to  have  regions  of  both  positive  and  negative  temperature  coefficient,  of  elastic 
compliance,  above  and  below  the  ferroelectric  Curie  temperature  respectively  (9) . 
The  solid  solution  system  between  the  relaxor  PbgMgltt^Og  and  ferroelectric 
PbTiO^  was  reported  to  exhibit  a  wide  range  of  Curie  temperatures  (10) . 

By  suitably  selecting  compositions  in  the  PbgMglft^Og-PbTiO^  family,  a 
composite  comprised  of  compensating  positive  and  negative  temperature  coeffi¬ 
cients  should  exhibit  improved  temperature  stability.  The  low  thermal  expansion 
coefficients  found  in  this  system  are  also  an  added  advantage  for  thermal 
stability. 


EXPERIMENTAL 


Sample  Preparation 


The  compositions  to  be  used  in  the  composite  were  Pb^Mglft^Og  (PMN)  and 
O.SPbgMgttt^O^  +  O^PbTiO^  (.8PMN/.2PT)  selected  from  Reference  10  with  Curie 
temperatures  (determined  at  1  kHz)  of  16°C  and  about  92°C  respectively. 

Reacted  powders  were  produced  using  mixed  oxides  calcined  for  4  hours  at  875°C. 
The  calcined  slugs  were  then  ground  sufficiently  to  pass  a  325  mesh  sieve.  The 
fine  powders  and  a  commercial  organic  liquid  suspension  binder*  were  mixed 
to  produce  slips  for  tape  casting  (11-13).  Tapes  approximately  0.025  cm  thick 
were  produced  using  a  procedure  described  in  Reference  14. 


*Claydon  Binder  B-62,  Lot  117,  Claydon  Inc.  11404  Sorrento  Valley,  San  Diego, 
CA,  92121. 
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Two  and  one-half  centimeter  squares  of  each  composition  were  stacked 
and  laminated  in  homogeneous  "monolithic"  and  composite  model  configurations. 
Each  sample  consisted  of  four  layers.  Monolithic  configurations  consisted 
of  layers  of  the  same  composition  to  be  used  as  comparative  standards.  The 
composite,  50/50  V/0,  consisted  of  layers  of  Pb^MgNb^g  tape  in  series  (A/B) 
with  layers  of  0 .SPb^Mgtft^Og  +  0.2PbTi0^  tape.  To  prevent  possible  inter¬ 
action  and  diffusion  between  the  two  compositions,  an  internal  Pt  barrier 
electrode  was  used.  This  was  achieved  by  silk  screening  Pt  ink  on  the  green 
tape  prior  to  lamination.  Earlier  work  (12)  suggests  that  a  barrier  layer 
might  not  be  needed. 

The  multilayers  were  heated  slowly  to  700°C  over  a  30-hour  period  to 
remove  any  organic  binder  materials.  Sintering  was  done  in  closed  high-purity 
alumina  crucibles.  The  multilayer  tapes  were  placed  on  Pt  foil  and  a  small 
amount  of  lead  zirconate  was  added  as  a  source  of  PbO.  A  silicon  carbide 
resistance  furnace  with  a  programmable  controller  was  used,  the  heating  rate 
being  200°C/hour  with  a  soak  temperature  of  1275°C  for  a  period  of  0.5  hours. 
The  samples  were  allowed  to  cool  in  the  furnace  with  power  off.  The  fired 
samples  were  found  to  be  at  least  93%  theoretically  dense. 

Measurements 

Electromechanical  resonance  properties  were  measured  on  disks  about  0.5 
cm  in  diameter  and  about  0.05  cm  in  thickness.  The  disks  were  electroded 
using  sputtered-on  gold.  Dielectric  permittivity  and  loss  (tan  6)  as  a 
function  of  temperature  were  measured  using  an  automatic  capacitance  bridge* 
at  1  kHz.  Displacement-field  (DE)  hysteresis  loops  were  observed  using  a 

*Hewlett  Packard  (Model  4270  A)  automatic  capacitance  bridge,  Hewlett  Packard 
1-59-1  Yoyogi,  Tokyo,  Japan  151. 
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Sawyer  Tower  circuit.  The  DE  loops  were  measured  at  room  temperature  and  at 
0.1  Hz.  The  .8PMN-.2PT  and  the  PMN/ . 8PMN- . 2PT  samples  were  poled  in  a  stirred 
oil  bath  at  90°C  by  applying  a  DC  field  of  15  Kv/cm  for  at  least  two  minutes. 
The  samples  were  allowed  to  age  for  24  hours  before  further  measurements  were 
made. 

The  planar  coupling  coefficient  (k^) ,  mechanical  Q  and  resonant  frequency 
were  measured  as  a  function  of  temperature  using  the  resonance  method  described 
in  Reference  15.  Resonance  measurements  on  Pb^Mgltt^Og  were  conducted  under  a 
DC  bias  of  3Kv/cm,  since  above  -16°C  the  material  is  paraelectric  and  a  polari¬ 
zation  must  be  induced.  A  blocking  capacitor  was  used  in  conjunction  with  the 
resonance  apparatus  (16)  .  Resonance  measurements  at  a  constant  bias  were  also 
made  on  the  .8PMN-.2PT  and  the  composite. 

RESULTS  AND  DISCUSSION 

Micro structure 

A  typical  SEM  photomicrograph  of  a  PMN/ . 8PMN- . 2PT  multilayer  can  be  seen 
in  Figure  1.  The  sharp  change  in  grain  size  at  the  Pt  interface  suggests  that 
little  interaction  took  place.  Further,  little  interaction  was  found  in 
regions  without  a  Pt  layer,  indicating  that  a  diffusion  barrier  layer  was  not 
required . 

Electromechanical  Data 

Dielectric  permittivity  as  a  function  of  temperature  for  PMN,  .8PMN-.2PT, 
and  PMN/ . 8PMN- . 2PT  are  shown  in  Figure  2.  Also  shown  are  predicted  values  of 
K  versus  temperature  calculated  from  the  series  model  equation  (17) : 


1/K 


calc 


VK1  +  v2/k2 


where  and  V 2  are  volume  fractions  and  and  K2  are  dielectric  constants 
for  the  two  compositions. 
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Piezoelectric  and  DE  loop  data  are  reported  in  Table  1  and  shown  in 
Figures  3a-c.  The  coercive  field  (Ec)  of  the  composite  was  found  to  be  an 
average  of  the  two  compositions.  The  experimental  d^  value,  for  the  compo¬ 
site,  was  found  to  be  in  agreement  with  the  calculated  value.  The  permittivity, 
d^»  and  DE  data  all  indicated  that  the  composite  may  be  described  by  a  simple 
series  model. 

Resonance  Data 

A  resonance  spectrum  for  the  PMN/.8PMN-.2PT  composite  is  shown  in  Figure  4. 
The  fundamental  planar  mode  resonance  (the  large  peak)  was  accompanied  by  a 
weaker  resonance  signal  at  a  lower  frequency.  This  signal  was  accredited  to 
the  strong  resonance  of  the  .8PMN-.2PT  layer. 

Spurious  resonances  due  to  the  Pt  barrier  electrode  were  not  found.  Earlier 
work  (18)  reported  that  Pt  layer  electrodes  had  little  effect  on  resonance  due 
to  a  compensation  between  density  and  compliance  in  platinum  to  approximate 
the  frequency  constant  of  PZT.  This  matching  of  frequency  constant  can  also 
be  expected  with  PMN.  PMN,  being  highly  electrostrictive,  maintained  the 
generation  of  strong  resonances  well  above  the  transition  region  with  only 
8  Kv/cm  bias. 

The  planar  coupling  coefficient,  k^,  and  mechanical  quality  factor,  Q, 
were  calculated  for  multilayers  both  unbiased  (poled)  and  biased  as  a  function 
of  temperature  (See  Figures  5  and  6) .  The  coupling  coefficient  was  found  to 
be  higher  for  the  biased  multilayers  as  compared  to  the  unbiased  samples.  The 
coupling  coefficient,  being  proportional  to  the  piezoelectric  constant  and 
inversely  proportional  to  tba  square  of  the  appropriate  elastic  constants  and 
permittivity,  was  expected  to  increase  (5)  since  a  biasing  electric  field 


decreases  the  permittivity  (See  Figure  2) . 
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The  mechanical  quality  factor  Q  was  found  to  be  lower  with  applied  bias 
as  reported  in  Reference  19.  The  Q  for  PMN  was  found  to  be  considerably  larger 
than  Q  for  the  composite  and  .8PMN-.2PT  samples.  It  appears  that  a  low  Q 
material  physically  dampens  the  high  Q  material  producing  a  nonaveraged  low  Q 
composite. 

The  relative  resonant  frequency,  AfD,  as  a  function  of  temperature  is 

K 

plotted  in  Figure  7,  where 


Af 


R 


fT-f 


RT 


RT 


with  f  being  the  resonant  frequency  at  any  temperature  and  f  being  the 
resonant  frequency  at  room  temperature.  The  biased  .8PMN-.2PT  samples  were 
found  to  have  a  positive  temperature  coefficient  above  70°C  and  negative 
below.  PMN  samples  were  found  to  have  a  positive  coefficient  above  -  16°C 
and  negative  below. 

As  expected,  the  composite  was  found  to  have  nearly  an  average  value 
of  temperature  coefficients,  with  a  greatly  reduced  coefficient  (<60  ppm/°C) 
between  -10°C  and  80°C.  The  same  relative  frequency  Af  was  found  for  biased 
or  unbiased  samples. 

Another  advantage  of  the  composite  was  its  improved  polarization  stability. 
Both  Figures  4  and  5  show  that  the  .8PMN-.2PT  depoled  rapidly  above  70°C, 
whereas  the  composite  indicated  little  depoling  at  temperatures  even  above 
120°C.  The  composite  utilized  the  electrical  control  concept  of  a  transpolar¬ 
izer  (20)  to  effectively  stabilize  the  polarization.  Such  a  composite  should 
also  be  dielectrically  more  stable  under  high  field  cycling,  as  reported  in 
Reference  12.  Little  aging  of  resonant  frequency  was  found. 
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Summary  and  Conclusions 

Compositions  PbgMgNb2Og  and  0 ,8Pb.jMgNb20g  +  O^PbTiO^  were  used  to 
fabricate  a  multilayer  composite  resonator.  As  the  result  of  nearly  compen¬ 
sating  positive  and  negative  temperature  coefficients,  a  composite  with 
improved  temperature  stability  was  found.  A  change  of  less  than  60  ppm/°C 
in  the  radial  resonant  frequency  over  a  temperature  range  between  -10°C  and 
80°C  was  shown. 

Only  the  feasibility  of  fabricating  a  composite  resonator  with  improved 
temperature  stability  was  intended  in  this  work,  not  the  optimization  of 
electromechanical  properties.  Further  optimization  of  a  composite  resonator 
exhibiting  both  improved  temperature  stability  and  electromechanical  properties 
may  be  realized  by  suitably  selecting  compositions  from  both  sides  of  the  PZT 
morphotropic  phase  boundary  (3) . 
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V1  d33K2  +  V2  d33Kl 


33 


V1K2  +  V2K1 


(Ref.  17) 


and  V ^  are  volume  fractions,  and  K2  are  dielectric  constants 

1  2 

and  d33  and  d33  are  piezoelectric  constants  for  PMN  and  . 8PMN-. 2PT 
respectively. 
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Figure  Captions 

Fig.  1  Photomicrograph  of  a  PMN  (lef t) / .8PMN-. 2PT  (right)  multilayer  with 
platinum  barrier  electrode. 

Fig.  2  Dielectric  permittivity  (1  kHz)  as  a  function  of  temperature  for  PMN, 
.8PMN-.2PT  and  the  composite.  Calculated  values  for  the  composite 
are  represented  by  the  dashed  curve. 

Fig.  3  (a-c)  DE  hysteresis  loops  for  PMN  (a),  .8PMN-.2PT  (b) ,  and  PMN/ . 8PMN-2PT 

(c) .  Loops  measured  at  ^2°C  and  0.1  Hz. 

Fig.  4  Resonance  spectra  for  PMN/ .8PMN-.2PT  composite.  Horizontal  scale  is 
75  kHz/div. 

Fig.  5  Planar  coupling  coefficient,  k^,  as  a  function  of  temperature. 

Fig.  6  Mechanical  quality  factor,  Q,  as  a  function  of  temperature. 

Fig.  7  Relative  resonant  frequency  (Af^)  as  a  function  of  temperature. 
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Grain-Oriented 
Ferroelectric  Ceramics 

MICHAEL  HOLMES,*  ROBERT  E.  NEWNHAM,' 
and  LESLIE  E.  CROSS* 

Pennsylvania  Stale  University,  University  Park 

P  iectroceramic  materials  for  piezoelectric  transducer  applications 
""  have  in  the  past  been  based  largely  on  pscudocubic  phases  of  the 
perovskite  family,  such  as  BaTiO,,  PbZiOvPbTiO,  (PZT),  where 
the  many  available  domain  state  orientations  make  it  possible  to 
pole  a  randomly  axed  assemblage  of  grains  in  the  conventional 
polycrystalline  ceramic  to  a  strongly  remanent  polar  state  with  high 
piezoelectric  activity. 

In  these  materials  the  original  spherical  macrosymmetry  of  the 
random  array  is  modified  by  the  poling  to  a  conical  symmetry 
win)  with  nonzero  piezoelectric  coefficients  similar  to  those  in  the 
hexagonal  point  group  6 mm,  and  this  resultant  Curie  group  is 
independent  of  the  symmetry  of  the  initial  ferroelectric  species.  The 
temperature  range  of  strong  piezoactivity  is  also  limited  by  the  range 
of  Curie  temperatures  in  the  perovskites,  and  aging  is  a  problem 
associated  with  the  ferroelastic  switching  necessary  to  pole  the 
randomly  axed  ceramic  structure. 

Clearly,  a  simple,  inexpensive  technique  for  achieving  a  strongly 
oriented  (textured)  grain  structure  in  ferroclectrics  of  lower  sym¬ 
metry  could  relieve  many  of  these  constraints  and  lead  to  interesting 
new  families  with  new  Curie  group  symmetries,  new  combinations 
of  usable  piczococlficients,  and  the  possibility  of  exploiting  the 
strong  ferroelectric  effects  in  lower  symmetry  prototype  structures 
while  still  maintaining  most  of  the  ease  of  fabrication  of  ceramic 
processing. 

In  the  present  note  a  simple  technique  for  producing  powders  with 
very  marked  shape  anisotropy  was  applied  to  materials  in  the  bis¬ 
muth  oxide  layer  structure  family  of  ferroelcctrics.  The  resulting 
anisotropic  powders  were  used  with  several  ceramic  forming  tech¬ 
niques  to  produce  strongly  textured  bodies  with  orientation  factors 
that  heretofore  had  been  produced  only  by  the  much  more  expensive 
uniaxial  hot-pressing1'2  and  hot-forging 


composition,  the  salt  was  removed  by  repeated  washings  w  uh  de¬ 
ionized  water.  Platelets  of  the  bismuth  compounds  were  left. 

Figure  1  shows  a  photomicrograph  of  a  bismuth  tungstate 
(BijWO,;)  powder  produced  by  tiring  the  salt  mixture  at  1000’C  for 
I  h.  Figure  2  is  a  similar  photomicrograph  of  a  bismuth  titanatc 
(Bi,Ti,0,j)  powder  produced  under  similar  conditions,  namely, 
I150'C  for  I  h.  The  very  marked  shape  anisotropy  of  the  small 
crystallites  produced  by  this  method  is  clearly  evident  in  both 
pictures.  With  longer  firing  times  and/or  higher  temperature,  rather 
unexpectedly,  the  crystallites  did  not  grow  to  significantly  larger 
sizes,  nor  could  we  control  the  size  effectively  by  changing  the 
cooling  rate  imposed  on  the  crucible. 

Preliminary  experiments  using  conventional  tape  casting  to  fabri¬ 
cate  ceramics  from  these  anisotropic  powders  show  very  promising 
results.  For  the  Bi2WO„.  X-ray  diffraction  patterns  taken  from 
ceramics  fabricated  from  the  fired  tapes  show  only  the  (001)  peaks  of 
a  well-oriented  sample.  For  Bi ,TiaO,2,  the  result  is  complicated  by 
the  presence  of  a  small  quantity  of  a  second  phase  in  the  flux- 
produced  powder.  More  detailed  pole  figures  and  property  mea¬ 
surements  arc  currently  being  conducted  on  tape-cast  ceramics  of 
both  compositions. 

Summary 

The  molten  salt  synthesis-tape  casting  technique  appears  to  be  a 
simple  method  of  obtaining  grain-oriented  ferroelectric  ceramics. 
The  compounds  Bi2WO«  and  Bi(Ti:lO|2  were  prepared  by  this 
method  because  of  their  possible  use  in  piezoelectric  devices.  This 
technique  should,  however,  be  applicable  to  any  system  in  which 
crystallite  shape  can  be  used  for  alignment  purposes. 
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methods.3 

The  technique  consists  of  a  molten  salt 
synthesis  slep  to  produce  discrete  plate- 
like  grains  (Arendt4  and  Rosolowski  et  al.5 
used  the  molten  salt  synthesis  technique  to 
produce  single  magnetic  domain  crystals  and 
PZT  powders).  The  powders  thus  produced 
are  mixed  w  Ith  an  organic  binder,  tape  cast, 
and  tired 

Specifically,  this  molten  salt  synthesis 
process  consisted  of  mixing  the  component 
oxides,  sodium  chloride,  and  potassium 
chloride  with  an  organic  vehicle  in  a  ball 
mill  Kqual  weights  of  the  salts  were  used, 
and  the  weight  ratio  of  the  total  salt  to  total 
oxide  ranged  from  0  45  to  0  90  After  the 
composition  was  thoroughly  mixed,  it  was 
put  in  covered  alumina  or  platinum  cruci¬ 
bles  and  fired  in  air  Upon  cooling  of  the 
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Fig  1  Scanning  electron  photomicrograph  ol 
Bi,WO,  fired  al  1000T;  for  1  h  in  air  (salt 
removed) 


Fig  2  Scanning  electron  photomicrograph  ol 
B'.TijO.i  fired  at  1150°C  lor  1  h  in  air  (salt 
removed! 
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CONTROL  OF  THE  PARTIAL  PRESSURE  OF  PbO  DURING 

THE  SINTERING  OF  PZT  CERAMICS 

K.A.  Klicker  and  J.V.  Biggers 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

INTRODUCTION 

The  manufacture  of  lead  zirconate-lead  titanate  (PZT)  ceramics  requires 
that  the  partial  pressure  of  PbO  (Pp^g)  be  controlled  during  sintering. 

Ikeda^^  et  al  and  Webster^^et  al  have  studied  the  effect  of  changes  in  the 
lead  oxide  content  on  the  dielectric  constant  and  electromechanical  coupling 
coefficient  of  sintered  PZT.  Either  positive  or  negative  deviation  of  the 
PbO  from  stoichiometry  affects  both  of  these  parameters.  Most  tech¬ 
niques  for  controlling  partial  pressure  of  PbO  involve  the  use  of  a  source 
material  enclosed  in  the  container  with  the  parts  to  be  fired.  An  ideal 
source  material  will  produce  a  Pp^Q  so  that  the  parts  being  sintered  do  not 
gain  or  lose  PbO  during  the  sintering  process.  If,  however,  the  P  atmos¬ 
phere  is  higher  than  the  Pp^Q  required  by  the  part,  the  part  will  absorb  PbO. 
Conversely,  the  part  will  lose  PbO  through  vaporization  if  the  Pp^0  is  lower  than  the 
than  the  P  ^  of  the  part.  The  Pp^0  required  by  a  PZT  part  is  a  function  of  the 
composition  and  temperature.  When  the  part  is  in  equilibrium  with  the  atmosphere, 
neither  vaporization  from  or  absorption  by  the  part  will  occur.  Some  of  the 
commonly  employed  techniques  for  controlling  the  Pp^Q  include: 

(a)  Use  of  source  pellets  of  a  PZT  composition  which  has  a  Pp^0  higher 

(3  4) 

than  the  P  ^  required  by  the  PZT  parts  to  be  sintered  5 

(b)  Use  of  source  pellets  of  the  PZT  composition  as  the  parts  to  be 
sintered  but  with  addition  of  PbO^  . 

(c)  Burying  the  PZT  parts  in  a  powder,  either  calcined  or  sintered,  of 
the  same  composition^^. 

(d)  Calculating  the  composition  of  the  ceramic  to  include  excess  PbO. 

This  excess  PbO  acts  as  a  sintering  aid  and  also  helps  to  maintain  a  given  P 
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about  the  parts  . 

All  these  techniques  involve  the  use  of  compositions  within  the  ZrO^-TiO^- 
PbO  ternary  system  to  provide  a  Pp^Q.  Despite  this,  no  comprehensive  studies 
have  been  reported  in  the  literature  that  relate  compounds  in  this  system  to 
Ppbo*  The  results  of  such  a  study  will  make  it  possible  to  choose  a  source 
composition  that  will  provide  a  Pp^Q  near  the  Pp^Q  of  parts  to  be  sintered. 

It  will  also  be  possible  to  better  understand  the  effectiveness  of  the  various 
techniques  listed  above  in  providing  the  proper  Pp^Q  so  that  sintered  parts  will 
undergo  minimal  compositional  change  during  the  sintering  process. 

PROCEDURE 

12  3 

The  raw  materials  PbO  ,  Zr©2  ,  and  Ti02  were  weighed  on  an  analy¬ 
tical  balance  in  the  proper  proportions  to  form  PbZr^  55^0  45°3  and 
PbZr^  ^Tig  ^0^.  Weight  loss  from  calcination  was  found  to  be  0.51  weight 
percent.  Of  this  weight  loss,  0.31  weight  percent  was  loss  on  ignition  of 
organics  from  the  oxide  powders.  The  remaining  0.19  weight  percent  was  assumed 
to  be  due  to  loss  of  PbO  due  to  vaporization  during  calcining.  The  loss  on 
ignition  and  loss  due  to  vaporization  were  taken  into  account  when  the  batch 
weights  were  calculated.  The  mixed  oxides  were  ball  milled  in  ethyl  alcohol, 
using  Zr02  milling  media,  for  two  hours  and  then  pan  dried.  Calcination  was 
done  for  one  hour  at  950°C  in  MgO  crucible  with  a  loose-fitting  lid.  The 
calcined  slug  was  ground  and  passed  through  a  60-mesh  screen.  X-ray  diffraction 
powder  patterns  showed  only  single-phase  PZT.  That  portion  of  the  batch  to  be 
used  for  sample  pellets  was  mixed  with  a  15  weight  percent  PVA  solution,  dried, 

^N.L.  Industries,  Inc.,  Highstown,  NJ. 

2 

Harshaw  Chemical  Corp.,  Cleveland,  OH,  Lot  1-75. 

•1 

Whittaker,  Clark,  and  Daniels,  Inc.,  South  Plainfield,  NJ,  Lot  77G-27-8. 
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ground,  and  passed  through  a  60-mesh  screen.  The  powder  was  pressed  into 
pellets  with  a  rotary  press  to  a  green  density  greater  than  5.6  gm/sec.  The 
pellet  diameter  was  5/8  inch  and  the  average  pellet  weight  was  1.2  grams. 
Before  being  weighed  and  sealed  in  crucibles,  the  sample  pellets  were  put 
through  a  binder  burn-out  of  500°C  for  one  hour.  Preparation  of  the  source 
materials  depended  on  the  firing  configuration  to  be  used. 


Firing  Configuration  I 

Figure  1A  is  a  schematic  of  firing  configuration  I.  All  alumina  discs 

4 

and  crucibles  were  McDanel  998  recrystallized  alumina.  Thin  platinum  sheets 
cut  into  discs  were  used  at  all  places  where  thealumina  might  contact  the 
PZT  source  pellets  of  PZT  sample  pellets.  After  being  assembled  as  shown  in 
Figure  1A,  a  250  ml  alumina  crucible  was  inverted  over  the  assemblage  and  the 
joint  between  the  crucible  and  the  large  bottom  alumina  disc  was  sealed  with 
calcium  aluminate  cement.  The  furance  was  preheated  to  100°C  and  the  crucible 
set  in  the  furnace  for  1/2  hour  to  permit  the  cement  to  dry. 

Source  compositions  used  with  firing  configuration  I  were 

PbZr^  ^Yi^O^+x  mole  %  PbO,  y  =  .4,  .5,  5.5,  6,  7,  8,  and  1.0; 

x  =  0,  .1,  .3,  .5,  .7,  .9,  and  1.0; 

All  source  compositions  used  with  firing  configuration  I  are  listed  in  Table  1. 
The  PZT's  used  in  source  compositions  were  weighed,  milled,  dried,  mixed  with 
binder,  ground,  and  screened  as  described  above.  Sixty  grams  of  each 
composition  used  for  firing  was  pressed  into  two  thirty-gram,  two-inch 
diameter  pellets.  Binder  burn-out  for  the  soiiv'p  pellets  was  two  hours  at 
500°C. 


Firing  Configuration  II 

Figure  IB  illustrates  firing  configuration  II.  The  alumina  ring  was  cut  from  a 

4.8  mm  ID  alumina  tube  with  a  diamond  blade  and  lapped  flat  on  the  ends.  A  platinum 
4 

McDanel  Refractory  Porcelain  Co.,  Beaver  Falls,  PA. 
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sheet  was  cut  to  obtain  a  disc  that  would  rest  on  top  of  the  bottom  alumina 
disc  and  inside  the  alumina  ring.  Two  different  presintered  granules  were  used 
to  fill  the  volume  of  the  crucible  formed  from  the  ring  and  the  alumina  disc. 
Granules  of  size  greater  than  30  mesh  but  less  than  15  mesh  of  the  same  compo¬ 
sition  as  the  pellets  were  dusted  onto  the  platinum  sheet  to  form  a  thin  layer 
onto  which  the  green  sample  pellets  were  set.  The  sample  pellets  were  then 
covered  with  a  layer  of  this  same  powder.  The  remaining  volume  of  the  crucible 
was  filled  with  the  source  granules  which  also  were  greater  than  30  but  less 
than  Source  compositons  were: 


PbZr  Ti  O.+xmole  %  PbO,  y  =  .55  and  .6 
1-y  y  3 


x  = .  1 ,  .  3 ,  .  5 ,  and  .  7 


Source  compositions  used  with  firing  configuration  II  are  shown  in  Table  1. 

The  ratio  of  weight  of  PZT  to  the  weight  of  source  powder  was  approximately 
1:3.  As  shown  by  Figure  IB,  a  second  alumina  disc  was  set  on  top  of  the  ring 
to  close  the  crucible.  The  two  joints  of  the  ring  and  the  alumina  discs  were 
sealed  with  calcium  aluminate  cement.  The  furnace  was  preheated  to  100°C  and 
the  crucible  set  in  the  furnace  for  1/2  hour  to  allow  the  cement  to  dry. 

Both  types  of  packing  powder  were  presintered  at  1330°C  for  1/2  hour.  The 
calcined  powder  was  pressed  into  a  two-inch  diameter,  100  gram  slug  and  had  a 
binder  burnout  of  500°C  overnight.  Sintering  took  place  in  a  crucible  made 
of  an  alumina  ring  and  two  alumina  discs,  with  all  joints  sealed  with  calcium 
aluminate  cement .  The  alumina  ring  was  cut  so  that  the  calcined  slug  would  fit 
into  it,  leaving  as  little  free  volume  as  possible.  Both  top  and  bottom  of 
the  slug  were  covered  with  a  platinum  sheet  immediately  after  the  binder 
burnout,  before  they  were  placed  in  the  crucible  for  firing.  Sintering  took 
place  in  a  silicon  carbide  resistance  furnace  with  a  silicon  carbide  muffle. 


A  Data  Trac  5310  programmable  controller  was  used  to  ensure  that  each 
sintering  run  was  identical.  The  heat-up  rate  was  200°C/hours,  followed  by 
a  soak  period  of  one  hour  at  1330°C  and  cooling  in  the  furnace  with  the  power 
off.  The  sintered  pellets  were  weighed  on  the  same  digital  balance  as 
before . 

The  number  of  pellets  fired  in  each  crucible  with  configuration  I  was 
as  few  as  five  and  as  many  as  nine.  Only  four  pellets  of  this  size  could  be 
fired  in  the  same  crucible  with  configuration  II. 

RESULTS  AND  DISCUSSION 

When  sintering  PZT  parts,  the  necessity  of  controlling  the  Pp^g  makes 
selection  of  the  PbO  very  important.  Not  only  the  composition  of  the  source 
but  also  the  amount  of  source  and  surface  area  of  the  source  must  be  considered. 
Experimental  data  will  be  presented  which  describe  the  influence  of 
each  of  these  factors  on  the  sintered  PZT  part. 

Partial  Pressure  PbO  as  a  Function  of  PZT  Composition 

There  have  been  several  papers  published  concerning  the  Pp^Q0^  PbZrO^ 
and  PbTiO-^’^  .  Hardtl  and  Rau  measured  the  Pp^Q  of  PbZrO^,  PbTiO^,  and 
several  PbZrTip  ^0^  compounds  using  the  Knudsen  effusion  method.  At  a  fixed 
temperature,  for  equilibrium  conditions,  PbZrO^  has  a  higher  P  q  than  PbTiO^. 

In  terms  of  PbZr^Ti^  ^0^  compounds,  the  equilibrium  Pp^g  of  a  compound  decreases 
as  the  value  of  x  decreases.  This  relationship  of  Pp^g  to  composition  for  the 
PZT  compounds  may  also  be  stated  in  terms  of  the  decrease  in  P  as  the  Zr/Ti 
ratio  decreases. 

For  the  s tudy  described  in  this  paper,  weight  change  of  PZT  parts  during 
sintering  was  used  as  an  indicator  of  the  relative  Pp^g  in  which  the  parts  were 
sintered.  PbO,  Pb  and  O2  are  the  only  volatile  species  found  in  PZT  compounds^ 
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When  a  PZT  part  equilibrates  with  the  crucible  atmosphere  during 
firing,  the  interaction  results  in  the  absorption  or  vaporization  of  PbO  by 
the  part.  This  interaction  may  be  measured  by  weighing  the  parts  before  and 
after  sintering.  If  the  P  Q  of  the  crucible  atmosphere  is  higher  than  the 
PpbQ  the  part,  the  part  will  absorb  PbO.  Conversely,  the  part  will  vaporize 
PbO  if  the  crucible  atmosphere  is  lower  than  the  Pp^Q  of  the  part.  The  greater 
the  weight  change,  the  greater  the  difference  between  the  Pp^Q  of  the  part 
and  the  source.  These  same  relations  hold  true  for  weight  losses. 

Figure  2  shows  the  average  percent  weight  change  of  PZT  55/45  (PbZr  ,.,-Ti  45O3) 
parts  as  a  function  of  source  composition.  The  relationship  of  Pp^Q  to  composi¬ 
tion  follows  the  trend  reported  by  Hardtl  and  Rau.  Those  source  compositions 
that  have  a  Pp^Q  greater  than  the  Pp^Q  of  PZT  55/45  parts  caused  weight  gains 
of  the  parts  proportional  to  the  difference  in  P  ^g*  Likewise,  the  source  com¬ 
positions  with  lower  P_,  „  than  the  PZT  55/45  resulted  in  weight  losses  of  the 

PbO 

parts  proportional  to  the  difference  in  P  of  the  source  and  the  55/45  parts. 

PbO 

These  results  illustrate  the  validity  of  the  use  of  weight  change  of  PZT  parts 

as  an  indication  of  the  relative  P_,  „  of  a  particular  source  composition.  This 

PbO 

technique  yields  the  relative  P  of  a  source  composition  because  the  technique 

PbO 

indicates  whether  the  P„,  „  of  a  source  is  higher  or  lower  than  the  P„,  _  of  the 

PbO  PbO 

PZT  parts  and  the  relative  difference  in  the  P  ^g  of  the  source  and  the  parts, 
not  the  actual  Pp^g  of  the  source  composition.  The  Pp^g  that  a  source  of  a 
particular  composition  actually  maintains  will  depend  on  the  amount  of  source, 
the  surface  area  of  the  source,  the  other  material  present  in  the  crucible 
that  will  contribute  to  the  Pp^g>  and  amount  of  PbO  that  leaks  from  the  crucible. 
When  only  the  relative  P  of  a  source  composition  is  desired,  these  factors 
may  be  held  constant.  Choice  of  a  particular  firing  Technique  fixes  each  of 
these  factors  and  then  the  source  composition  may  be  chosen  with  regard  to  the 


composition  of  the  parts  to  be  fired. 

The  binary  phase  diagram  as  prepared  by  Moon^  contains  a  two-phase 
region  on  either  side  of  the  single  phase  PbTiO^  region.  According  to  the 
phase  rule  for  condensed  systems,  P+F  =  C+l,  where  C  equals  the  number  of 
components  in  the  system,  P  equals  the  number  of  phases  in  equilibrium  and  F 
equals  the  number  of  degrees  offreedom  or  variance  of  the  system.  With  re¬ 
gard  to  a  two-phase  region  of  a  binary  system,  there  is  only  one  degree  of 
freedom.  By  fixing  the  temperature  this  one  degree  of  freedom  is  lost.  Since 
the  phase  rule  does  not  depend  on  the  amount  of  the  phases  present  but  only  on 
the  number  of  phases  that  will  be  present  at  equilibrium,  the  composition  of 
the  two  phases  present  in  a  two-phase  region  may  not  vary  but  the  relative 
amounts  of  the  two-phase  present  will  vary  across  the  region. 

At  a  fixed  temperature  all  compositions  within  the  liquid  +  PbTiO^  region 
have  the  same  Pp^Q*  A  material  with  a  composition  of  liquid  +  PbTiO^  may  lose 
PbO,  through  vaporization  for  example,  and  maintain  a  constant  Pp^Q  as  long  as 
the  composition  remains  within  the  two-phase  region.  Such  a  material  would 
be  an  ideal  source  material.  PbO  vapor  lost  from  the  crucible  atmosphere  due 
to  interaction  with  the  parts  or  leakage  could  be  replenished  by  the  source 
without  a  lowering  of  the  Pp^Q  maintained  by  the  source.  As  will  be  shown 
later,  loss  of  PbO  from  most  PZT  +  PbO  compositions  result  in  a  decrease  in 


The  binary  diagram  for  Pb0-Ti02  contains  a  second  two-phase  region  of 
PbTiO^+TiO^.  The  binary  diagram  PbO-ZrC>2  also  contains  the  two-phase  regions. 
Four  constant  Pp^Q  sources  are  therefore  available  for  use  as  source  materials. 
Unfortunately,  since  PbTiO^  has  the  lowest  Ppb0  and  PbZrO^  the  highest  PpbQ 
source  materials  will  not  provide  the  proper  Pp^Q  for  sintering  the  inter¬ 
mediate  PZT  compounds.  In  order  to  find  a  source  with  a  relative  P„,  _  near 

rDU 

to  those  of  the  PZT  compositions,  it  is  necessary  to  examine  the  PbO-ZrC^-TiO,, 


ternary  diagram. 


* 


The  Pb0-Zr02-Ti02  Phase  Diagram 

When  considering  small  losses  and  gains  of  PbO  from  PZT  compounds,  the 

area  of  interest  of  the  Pb0-Zr02~Ti02  phase  diagram,  as  shown  in  Figure  3, 

is  the  portion  immediately  adjacent  to  the  PbZr03~PbTi03  binary.  Holman  and 
q 

Fulrath  have  studied  non-stoichiometry  in  the  PbTiO^-PbZrO^  system.  As  was 
shown  by  the  TiC^-PbO  binary  loss  of  PbO  from  PbTiO^  results  eventually  in 
the  appearance  of  Ti02  as  a  second  phase.  Loss  of  PbO  from  PbZrO^  results 
eventually  in  the  appearance  of  Zr02  as  a  second  phase.  For  PbZrO^,  PbTiO^ 
and  all  the  PZT  compounds  lost  of  PbO  results  information  of  a  defect  struc¬ 
ture,  Pb  [~|  Zr1  Ti  0_  with  Pb  vacancies.  The  width  of  this  non- 
stoichiometric  region  is  greatest  for  PbTi03  and  PbZrOj  and  narrowest  near 
PbZrQ  ^Ti^  6<->3’  T^ie  Ppbo  a  ^roPs  rapidly  as  the  composition  passes 
through  the  non-stoichiometric  region  with  loss  of  PbO.  The  non-stoichiometric 

region  of  the  Pb0-Zr02-Ti02  ternary  system,  as  determined  by  Holman  and  Fulrath, 
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is  shown  in  Figure  3.  Webster,  et  al .  ,  identified  the  phases  present  in  the 

lower  portion  of  Figure  4.  As  was  found  for  PbTi03  and  PbZr03,  loss  of  PbO 

from  non-stoichiometric  Pb^  Q^Z^Ti^  ^03  causes  the  appearance  of  a  second 

phase.  For  most  of  the  PZT  compounds,  the  second  phase  which  appears  is  Zr02. 

13 

The  upper  portion  of  Figure  3  was  determined  by  Fushmi  and  Ikeda  .  As 
with  PbTi03  and  PbZr03>  absorption  of  PbO  by  any  of  the  PZT  compounds  will 
result  in  the  appearance  of  a  liquid  phase.  Figure  4  is  the  upper  portion  of 
the  Pb0-Ti02~Zr02  ternary  at  1300°C,  as  derived  by  Fushmi  and  Ikeda.  This 
diagram  is  of  more  interest  than  the  1100°C  portion  shown  in  Figure  3,  since 
the  sintering  of  most  PZT  takes  place  at  a  temperature  near  to  1300°C.  The 
differences  between  the  Pb0-PbTi03~PbZr03  diagram  at  1100°C  and  1300°C 
are  the  extent  of  the  liquid  phase  and  the  shift-  iu  the  slope  of  the  tie 
lines . 


i. 
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According  to  the  phase  rule,  for  the  liquid  plus  solid  solution  region  of 
the  PbO-PbTiO^-PbZrO^  system,  at  a  fixed  temperature  one  degree  of  freedom 
remains.  Therefore,  the  composition  of  the  phases  present  within  the  two- 
phase  region  is  not  fixed.  The  composition  of  the  phases  present  in  a  part 
which  gains  or  losses  PbO  will  not  be  unchanged  and  the  Pp^g  of  the  part  will 
change  as  the  overall  composition  of  the  part  changes  even  though  the  composi¬ 
tion  remains  within  the  two-phase  region.  The  implication  of  this  is  that  it 
is  not  possible  to  provide  a  Pp^g  which  is  constant  and  equal  to  the  Pp^g  of 
a  given  PZT  compound  by  using  a  PbO  source  of  PZT+PbO,  as  was  possible  with 
PbZr03  and  PbTi03 . 

This  fact  may  be  illustrated  with  Figure  4.  Since  the  Pp^g  of  PbZr03  is 
higher  than  that  of  PbTi03  and  the  P  of  the  various  PZT's  decreases  as  the 
Zr/Ti  ratio  decreases,  the  four  PZT  compounds  shown  in  Figure  4  in  order  of 
decreasing  Ppb0  are  A,  B,  C,  and  D. 

As  the  dotted  line  on  the  figure  shows,  compositions  H  and  G  could  be 
formed  by  intimately  mixed  PZT  C  with  certain  amounts  of  PbO.  As  previously 
predicted  by  the  phase  rule,  neither  compound  H,  G,  or  C  is  in  equilibrium 
with  either  of  the  other  two  compounds.  Compound  H  is  in  equilibrium  with 
liquid  F  and  PZT  B.  As  PZT  B  has  a  higher  Pp^g  than  PZT  C  and  compound  H  is 
in  equilibrium  with  PZT  B,  therefore  compound  H  has  a  higher  Pp^g  than  PZT  C. 
The  same  argument  proves  that  since  compound  G  is  in  equilibrium  with  liquid 
E  and  PZT  A,  compound  G  has  a  higher  Pp^0  than  either  PZT  B  or  PZT  C.  Although 
the  effect  has  been  exaggerated  for  illustrative  purposes  by  using  compounds 
as  greatly  different  PbO  contents  it  is  certainly  true  for  more  practical  com¬ 
positions  of  PZT  plus  small  amounts  of  PbO. 

This  illustration  and  the  phase  rule  show  that  the  use  of  any  of  the  PZT 
compounds  with  addition  of  PbO  as  a  source  of  PbO  vapor  will  not  provide  a 


■ 


<  sa 


10 


contant  Pp^g*  The  Pp^g  of  a  particular  PZT+PbO  composition  will  depend  on 
the  composition  of  the  PZT,  the  amount  of  PbO,  and  the  ability  of  this  source 
to  vaporize  PbO.  With  loss  of  PbO  from  the  source  through  vaporization,  the 
subsequent  Pp^g  of  the  source  will  decrease.  A  source  of  composition  G  would 
initially  have  a  Pp^g  equal  to  that  of  PZT  A  and  subsequently  decrease  until 
a  Ppbg  eclual  to  that  of  PZT  C  was  established  when  all  the  excess  PbO  was 
vaporized  and  only  PZT  C  remained. 

Experimental  verification  of  the  relation  of  P_,  _  to  the  amount  of  excess 

PbO 

PbO  in  a  source  material  was  made  firing  parts  of  composition  PbZrg  ^Tig  ^Og 

with  a  source  of  composition  PbZr„  ,Ti„  . O.+PbO  where  the  amount  of  PbO  was 

U  .0  0.4  3 

varied.  Figure  5  shows  that  as  the  amount  of  excess  PbO  in  the  source  was 
increased  the  weight  gain  of  the  parts  increased.  Source  compositions  con¬ 
taining  less  than  four  mole  percent  excess  PbO  caused  a  loss  in  PbO  by  the 

parts  since  the  P  of  the  source  was  lower  than  the  P_,  .  of  PbZrn  ,Ti„  ,0„. 

PbO  PbO  0.6  0.4  3 

A  similar  relationship  was  found  when  parts  of  composition  PbZrg  ^gTig  45O3 
were  fired  with  a  source  composition  PbZrg  g^Tig  ^Og+PbO. 

A  number  of  source  compositions  were  used  in  firing  PZT  parts  of  com¬ 
position  PbZrg  35Tig  45^3 •  The  composition  of  the  source  material  was  varied 
both  in  the  composition  of  the  PZT  and  the  amount  of  excess  PbO.  The  results 
of  tehse  findings  is  shown  in  Figure  6.  Since  all  compositions  which  lie  on 
a  tie  line  are  in  equilibrium  and  have  the  same  Pp^g,  sources  of  these  composi¬ 
tions  will  result  in  the  same  weight  change  of  PZT  parts.  Comparison  of  the 
orientation  of  the  equi-weight  change  lines  of  Figure  6  with  the  tie  lines  of 
Figure  4  shows  good  correlation.  As  predicted  by  the  tie  lines  of  Figure  4, 
a  range  of  PZT+PbO  compositions  exist  which  provide  the  same  Pp^g*  P°r  none  of 

the  PZT+PbO  compositions  used  does  the  P_,  _  remain  constant  with  a  change  in 

PbO 


the  amount  of  excess  PbO  present. 


■> 
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Effects  of  the  Amount  of  Source  and  Surface  Area  of  Source 

The  inability  of  a  PbO  source  of  composition  PZT+PbO  to  provide  a  constant 

P„,  _  with  loss  of  PbO  makes  the  effects  of  the  amount  of  each  surface  area  of 
PbO 

the  source  very  important.  Table  2  lists  the  weight  losses  of  source  pellets 
of  several  compositions  when  used  in  firing  configuration  I.  In  all  cases  the 
source  pellets  lost  weight  (thus  implying  a  loss  of  PbO)  but  the  am  >unt  of 
weight  gained  by  the  PZT  parts  being  sintered  never  exceeded  2.5  wt  %.  The 
alumina  crucible  and  discs  exposed  to  the  PbO  atmosphere  within  the  crucible 
had  been  used  several  times  and  therefore  should  not  readily  absorb  PbO. 

The  majority  of  the  PbO  lost  by  the  source  pellets  must  be  attributed  to  leak¬ 
age  from  the  crucible.  The  Pp^g  within  the  crucible  must  have  decreased  con¬ 
tinually  as  the  amount  of  PbO  in  the  source  decreased.  The  need  for  the 
source  to  vaporize  PbO  to  replace  PbO  vapor  lost  due  to  leakage  could  be 
minimized  by  tightly  sealing  the  crucible.  Assuming  that  the  practical 
limits  of  this  have  been  reached,  the  only  alternative  method  of  minimizing 
compositional  changes  of  the  source  is  to  maximize  the  amount  of  the  source. 

For  example,  if  1  gram  of  PbO  is  to  be  lost  by  the  source,  the  compositional 
change  in  a  source  of  20  grams  will  be  much  greater  than  a  source  of  40  grams. 
Because  there  are  practical  and  economic  limits  to  the  amount  of  material  which 
may  be  included  in  a  crucible  as  a  source  material,  the  sources  must  be  used 
in  a  form  which  most  effectively  makes  use  of  the  source  material. 

The  vaporization  of  PbO  in  a  surface  phenomenon  in  the  rate  of  vaporiza- 

(14) 

tion  of  PbO  is  dependent  on  the  surface  area  .  Therefore  a  granulated  source 
material  will  much  more  easily  and  homogeneously  vaporize  PbO  to  maintain  the 
partial  pressure  than  a  dense  source  pellet  in  which  th  bulk  of  the  source 
material  is  unable  to  vaporize  PbO.  Since  the  vaporization  is  controlled  by 
diffusion  of  PbO  across  a  thickening  PbO  depleted  surface  layer,  the  P 
provided  by  the  source  will  not  be  the  P  ^g  which  corresponds  to  the  bulk 


source  composition  but  will  be  determined  by  the  ability  of  PbO  to  diffuse  to 
the  surface  of  the  source  material. 

firing  configuration  II  is  illustrated  in  Figure  IB.  This  configuration 
uses  a  source  of  granulated  PZT+PbO.  Source  compositions  used  were  the  same 
as  used  with  firing  configuration  I  to  provide  a  comparison  of  th^:  effects  on 
a  granulated  source.  As  predicted  by  the  tie  lines  of  the  ternary  diagram, 
addition  of  increasing  amounts  of  PbO  in  the  source  composition  resulted  in 
larger  weight  gains  of  the  parts.  Figure  7  shows  not  only  this  effect  but 
also  compares  the  results  with  those  obtained  with  firing  configuration  II. 

In  all  cases  for  a  given  weight  change  of  the  parts,  the  source  composition  of 
firing  configuration  II  contained  less  excess  PbO.  As  previously  discussed, 
the  influences  on  the  Pp^Q  provided  by  the  source  include  not  only  composition 
but  also  amount  and  surface  area  of  the  source  and  leakage  of  PbO  vapor  from 
the  firing  configuration.  Table  III  compares  several  parameters  of  the 

the  firing  configuration.  Assuming  that  leakage  occurs  at  joints  in  the 
crucible,  approximatly  equal  amounts  of  leakage  of  PbO  vapor  are  expected 
as  the  length  of  sealed  joint  is  nearly  equal.  The  source  in  configuration  II 
was  less  in  mass  but  much  higher  in  surface  area.  Therefore  the  effect  of 

surface  area  on  relative  P„,„  of  a  source  must  surely  be  considered. 

PbO 

It  has  been  established  that  the  source  material  loses  PbO  to  vaporiza¬ 
tion  during  the  firing  cycle.  It  has  also  been  established  that  the  Pp^g  of 
a  PZT+PbO  composition  decreases  as  the  amount  of  PbO  decreases.  The  effect 
of  the  decreasing  Pp^Q  on  the  parts  being  sintered  ought  to  be  considered. 

The  green  parts  are  initially  porous  and  have  a  high  surface  area  at  which  to 
absorb  PbO.  These  green  parts  experience  the  initially  high  Pp^Q  of  the 
source.  As  the  firing  process  continues,  the  Pp^g  provided  by  the  source 
decreases  and  the  parts  densify.  If  the  compositional  change  of  the  source 
is  great  enough,  the  Pp^g  within  the  crucible  may  decrease  to  the  point  that 
the  parts  being  sintered  will  have  to  vaporize  PbO.  The  sintered  PZT  parts 
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have  a  much  lower  surface  area  than  the  initially  green  parts  which  absorbed 
PbO.  PbO  will  vaporize  from  the  surface  of  the  sintered  PZT  parts^^  .  The 
properties  of  a  PZT  part  with  a  PbO-rich  bulk  and  a  PbO-depleted  surface 
could  be  quite  complex.  The  use  of  final  weight  change  of  PZT  parts  as  an 
indication  of  the  P  of  the  source  must  be  made  only  with  consideration  of 
these  implications.  The  final  weight  change  of  a  part  may  be  zero,  but  if  the 
part  has  absorbed  and  then  vaporized  PbO  while  sintering  it  is  doubtful  that 
the  part  is  homogeneous. 

The  effects  of  composition  surface  areas  and  amount  of  source  on  the 
weight  change  of  PZT  parts  during  sintering  are  described.  If  different 
amounts  of  source  were  used  the  results  would  differ  but  the  trends  would  be 
the  same.  Not  only  the  weight  change  of  the  parts  must  be  considered  but  also 
the  range  of  PpbQ  which  the  parts  experience.  This  study  found  that  use  of 
60  grams  of  PbZrO^  as  a  source  in  firing  configuration  I  resulted  in  weight 
change  greater  than  1.8  wt%  in  parts  of  PbZr^  ,.,-Ti  45°3*  Firings  with 

successively  smaller  amounts  of  PbZrO^  as  a  source  will  eventually  reach  an 
amount  of  PbZrO^  which  will  result  in  zero  final  weight  change  of  the  parts. 
This  study  found  that  use  of  60  grams  of  PbZr^  55^0  ^0^+11  mo-*-e  ^  PbO  as 
a  source  also  resulted  in  zero  weight  change  of  PbZr^  55^0  45O3  points.  It 
has  been  shown  previously  that  PbZrO^  has  a  much  higher  P  than  does 
PbZr  ^Ti  ^0^ .  Zero  weight  change  may  be  achieved  with  a  small  amount 
of  a  high  Pp^  source  or  a  larger  amount  of  a  lower  Pp^Q  source.  Although 
the  weight  change  is  the  same  with  either  source,  the  range  of  Pp^Q  experienced 
by  the  parts  during  the  sintering  process  would  differ  and  possibly  the 
degree  of  stoichiometry  of  the  sintered  parts. 
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CONCLUSIONS 


1.  The  use  of  a  composition  PbZr  Ti,  0_  +  PbO  as  a  PbO  source  will 

x  1-y  3 

not  provide  a  constant  Pp^Q»  as  the  amount  of  PbO  decreases. 

2.  As  predicted  by  the  lines  for  the  PbO-PbTiO^-PbZrO^  ternary,  a 

range  of  compositions  of  PbZr  Ti,  0~  +  PbO  exist  which  have  the  same  P_, 

x  1-y  3  PbO’ 

as  indicated  by  the  weight  change  of  PZT  parts  during  sintering. 

3.  The  Pp^  which  a  source  provides  in  a  crucible  is  determined  by 
source  composition,  amount  of  source,  surface  area  of  the  source,  and  leakage 
of  PbO  vapor  from  the  crucible. 
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Table  2 

FIRING  OF  SAMPLE  PELLET  COMPOSITION  60/40 
SOURCE  COMPOSITION  P2T  60/40  +  EXCESS  PbO 


Initial 

source 
composition 
(mole  %  PbO) 

Mole  %  PbO 
lost  by 
source 

Final 

source 

composition 
(mole  %  PbO) 

Total 

source 

weight 

loss 

(gm) 

Total 

sample 

pellet 

weight 

change 

Total 

weight 

PbO 

lost 

6/4  +  9 

2.4 

6/4  +  6.6 

1.29 

+0.0297 

1.26 

6/4+7 

2.4 

6/4  +  4.4 

1.22 

+0.0100 

1.21 

6/4  +  5 

2.2 

6/4  +  2.8 

1.02 

+0.0060 

1.01 

6/4  +  3 

1.88 

6/4  +  1.2 

0.80 

-0.00206 

0.802 

6/4  +  1 

0.86 

6/4  +  0.14 

0.38 

-0.338 

0.414 

Table  3 


COMPARISON  OF  PARAMETERS  OF  EACH  TECHNIQUE 


figuration  I 


L  +  PT/PZ 


FIGURE  3.  PbO-TiO„-ZrO„  Isothermal  Diagram  at  1100°C. 


Average  Weight  Percent  Change 


FIGURE  5.  Average  Weight  Percent  Change  of  PZT  Parts  as  a  Function 


of  the  Mole  Percent  Excess  PbO  in  Source. 
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ABSTRACT 

The  Landau-Ginsburg-Devonshire  Phenomenological  theory  has  been  applied 
to  the  PbZrO^-PbTiO^  crystalline  solid  solution  system  to  explore  the 
behavior  of  the  rhombohedral : tetragonal  morpho tropic  phase  boundary  in  the 
region  below  room  temperature.  The  theory  suggests  that  morphotropy  is 
preserved,  i.e.  that  the  phase  boundary  occurs  at  nearly  the  same  composition 
right  down  to  0  K. 

The  extension  of  the  rhombohedral  (R3m) -rhombohedral  (R3c)  phase  boundary 
was  investigated  for  a  composition  PbZr^  ^Ti^  4°3  using  both  neutron  diffrac¬ 
tion  and  pyroelectric  measurements.  Structures  in  both  phases  were  refined 
by  the  neutron  profile  fitting  technique.  Values  of  the  spontaneous  polari¬ 
zation  were  obtained  from  the  (Zr/Ti)  shifts,  and  compared  to  those  deduced 
from  phenomenological  theory. 


I  ■  1  .  . 


INTRODUCTION 


The  perovskite  solid  solution  between  antif erroelectric  PbZrO^  and 
ferroelectric  PbTiO^  (PZT)  contains  a  number  of  extremely  important  compo¬ 
sitions  used  in  the  electronics  industry  (1)  .  Many  piezoelectric  devices 
are  made  from  poled  PZT  ceramics  with  compositions  near  the  morphotropic 
phase  boundary  (MPB) ,  the  rhombohedral-tetragonal  phase  transition  boundary 
in  Fig.  1  where  electromechanical  coupling  coefficients  are  unusually  high. 

In  this  work  we  report  the  low  temperature  results  of  the  Landau-Ginsburg- 

Devonshire  theory  for  PZT  compositions  near  the  morphotropic  boundary.  Using 

the  Rietveld  method  (2),  the  PbZr„  ,Ti„  .CL  structure  was  refined  above  and 

—  0.6  0.4  3 

below  the  low  temperature  phase  transition.  The  transition  temperature  was 
determined  by  pyroelectric  discharge  experiments. 

LANDAU-GINSBURG-DEVONSHIRE  PHENOMENOLOGY 

For  many  ferroelectric  crystals  it  has  proved  useful  to  correlate  the 
dielectric,  piezoelectric,  elastic,  and  thermal  properties  of  the  paraelectric 
and  ferroelectric  phases  by  a  thermodynamic  free  energy  theory.  The  Landau- 
Ginsburg-Devonshire  (LGD)  formalism  gives  an  excellent  description  of  these 
properties.  A  summary  of  past  results  can  be  found  in  the  books  of  ferro- 
electricity  by  Jona  and  Shirane  (3),  Fatuzzo  and  Mertz  (4_) ,  and  Lines  and 
Glass  (5) . 

Consider  the  free  energy  function  for  a  simple  proper  ferroelectric 
derived  from  a  prototypic  phase  of  symmetry  Pm3m.  For  Brillouin  zone  center 
modes,  the  free  energy  may  be  written  as  a  power  series  in  dielectric  polar- 
zation  P(6),  and  (7)  as  follows: 
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222  444  259999 

AG  -  A(P1+P2+P3)  +  BCP^+P*)  +  C(Pp>2+P^+P^Pp 

+D(P*+P2+P*)  +  E(pJ(P2+P2)  +  p£(pj+p2)  +  P*(P2+P2)) 

+FP1P2P3  +  1/2  S11(X1+X2+X3)  "  SP2(X1X2+X2X3+X3X1) 

-1/2  S44(X4+X5+X6>  -  Q11(X1P1+X2P2+X3P3) 

-Q12 (Xx (P2+P3) +  X, (P2+P2 )+X3 (P2+P2 ) ) 

-Q44  ^X4P2P3+X5P1P3+X6P1P2) 


where  ABCDEF  are  related  to  the  dielectric  stiffness  and  higher  order  stiffness 
P  P  P 

coefficients,  S^,  S32,  are  the  elastic  compliances  measured  at  constant 

polarization,  and  Q-^-p  Q^2>  ^44  are  t*ie  cubic  electrostriction  constants  in 
polarization  notation.  The  expression  is  complete  up  to  all  six  power  terms 
in  polarization,  but  contains  only  first  order  terms  in  electrostrictive  and 
elastic  behavior. 

Adjustable  parameters  in  the  free  energy  function  which  fit  the  observed 
PbZrC^-PbTiC^  phase  diagram  and  the  observed  physical  properties  (dielectric, 
piezoelectric,  and  coupling  coefficients)  have  been  determined  (8)  . 

Numerical  values  of  AG  for  the  tetragonal  modification  (P4mm)  are  plotted 
as  a  function  of  composition  in  Fig.  2  for  three  different  temperatures 
(-25°C,  -175°C,  and  -265°C) .  The  results  are  also  given  for  the  rhombohedral 
(R3m)  and  orthorhombic  (Bram2)  cells.  The  rhombohedral-tetragonal  degeneracy 
at  the  morphotropic  phase  boundary  is  temperature  independent,  in  agreement 
with  Fig.  1. 

Based  on  the  higher  temperature  phase  diagram  in  Fig.  1,  there  is  a  rhombo- 
hedral-rhombohedral  phase  transition  at  low  temperatures  near  the  morphotropic 
boundary.  The  low  temperature  rhombohedral  cell  is  twice  the  size  of  the  high 
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temperature  cell.  Mechanical  Q  measurements  by  Kruger  (^)  seem  to  indicate 
such  a  transition.  This  is  not,  however,  a  reliable  method  of  establishing 
phase  boundaries. 

To  verify  the  existence  of  the  transition,  we  have  carried  neutron  dif¬ 
fraction  experiments  on  PhZr^  ^Ti^  ^0^  at  three  different  temperatures  (295  K, 

200  K,  and  9  K) .  The  structures  were  refined  by  the  Riefveld  method  (2). 

Low  temperature  pyroelectric  discharge  experiments  established  the  transition 
temperature  between  the  two  phases. 

SAMPLE  PREPARATION 

The  PhZrQ  ^Ti^  ^0^  sample  used  for  the  neutron  diffraction  powder  pattern 
and  the  pyroelectric  discharge  experiments  was  prepared  by  a  chemical  coprecipi¬ 
tation  method.  The  starting  materials  [spectroscopic  grade  lead  oxide,  zirconium- 
tetra-n-butoxide  (ZBT)  and  titanium-tetra-n-butoxide  (TBT) ]  were  weighed  and  blended 
with  isopropyl  alcohol  in  a  mixer  for  3  minutes  while  slowly  adding  deionized  water. 
The  white  precipitated  slurry  was  pan  dried,  then  ball  milled  with  Zr02  balls  and  dis¬ 
tilled  water  for  eight  hours.  The  product  was  again  pan  dried  and  calcined  at  600°C 

for  6  hours,  followed  by  regrinding  and  recalcination  at  800 °C  for  3  hours.  X-ray 
powder  patterns  taken  with  CuKa  radiation  showed  sharp  diffraction  peaks  up  to 

high  angles.  There  were  no  phases  present  other  than  rhombohedral  (R3m)  PZT. 

NEUTRON  DIFFRACTION  STUDIES 

Data  Collection 

Neutron  data  from  a  PhZr^  ^Ti^  4O3  pellet  were  collected  at  the  Brookhaven 
high  flux  beam  reactor  at  T  =  295,  200,  and  9  K.  Pyrolytic  graphite  in  the  (002) 
and  (004)  reflection  positions  were  used  as  monochromator  and  analyzer,  respec- 

O 

tively.  The  neutron  wave  length  was  1.429  A  for  the  200  K  and  9  K  patterns  and 

O 

1.650  A  for  the  295  K  pattern.  Higher  order  components  were  removed  with  a 
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pyrolytic  graphite  filter.  Data  were  collected  at  0.05  deg  intervals  over 
each  peak  within  20  =  20-  125°  range  for  the  295  and  9  K  scans  and  20-60° 
for  the  200  K  scan. 

The  extra  hkl  reflections  observed  at  9  K  were  identified  as  the  311,  511, 
531,...  and  other  all  odd  reflections  indexed  on  a  doubled  cell  (a  'v  8  A). 

The  295  and  200  K  data  showed  no  anomalies  with  all  the  observed  reflection 

O 

indexed  on  a  small  rhombohedral  cell  (a  n,  4  A)  . 

Structural  Model  and  Data  Reduction 

Based  on  previous  studies  (10,11)  the  rhombohedral -rhombohedral  transition 

was  expected  to  stem  from  the  tilt  system  a  a  a  Glazer  (12)  or  (}><}>  <p  Aleksandrov 

(13) .  In  the  Glazer  notation,  the  system  of  "rigid  octahedra"  tilts  is  repre- 

(i)  (j)  (k) 

sented  by  the  symbol  a  b  c  where  a,  b,  and  c  represent  rotations  about 

the  three  pseudocubic  axes.  The  superscripts  (i),  (j),  and  (k)  denote  the 

sense  of  rotations  of  adjacent  corner-linked  octahedra,  such  that  (+)  means 

the  same  sense,  (-)  means  opposite  sense,  and  (o)  no  rotation.  Therefore,  the 

tilt  system  a  a  a  means  three  equal  rotations  of  the  Zr/Ti0^  octahedra  about 

the  pseudocubic  axes  <100>,  with  neighboring  octahedra  rotating  in  opposite 

senses.  The  tilt  system  a  a  a  produces  R3c  (nonpolar)  symmetry  for  the  lower 

temperature  phase  (9  K) .  However,  since  this  transition  is  expected  to  be 

similar  to  those  reported  previously  for  other  PZT  compositions  (10,11) ,  the 

structure  was  refined  in  space  group  (R3c) .  The  polarity  results  from  cation 

displacements  along  the  rhombohedral  [111]  direction. 

The  PbZr^  ^Ti^  ^°3  structures  were  refined  by  means  of  the  profile-fitting 

technique  (2,14) .  The  following  scattering  lengths  were  used:  Pb  0.94,  Zr  0.71, 
-12 

Ti-0.34,  0  0.58x10  cm.  The  refined  parameters  included  a  scale  factor, 
three  half-width  parameters  defining  the  Caussian  line  shapes,  a  counter-zero 
error,  isotropic  temperature  factors,  atomic  coordinates,  and  unit  cell  para¬ 


meters. 


In  the  rhombohedral  phases  we  chose  to  use  the  double  pseudocubic  cell 

O 

(a  'v  8  A)  .  The  fractional  atomic  coordinates  of  the  R3c  phase  are  then  given 
by: 

x  y  2 

Pb  r+s  r+S  T+S 

4  4  4 

Zr/Ti  t  t  t 

0  —a  +  d  7-  —  2d  e4d 

4 

S  and  t  represent  the  fractional  cation  displacements  along  the  three-fold 
axis,  measured  with  respect  to  an  origin  lying  midway  between  opposite  faces 
of  an  oxygen  octahedron.  The  parameter  d  is  a  measure  of  the  octahedron  dis¬ 
tortion,  which  makes  the  upper  and  lower  faces  different.  The  e  parameter 
indicates  the  rotation  of  an  octahedron  about  the  triad  axis,  with  an  angle 
of  tilt  0),  given  by  tan  u  =  4/3  e. 

In  the  R3m  phase  there  are  no  tilts  and  e  is  equal  to  zero.  The  pseudo¬ 
cubic  cell  is  not  doubled  in  this  phase,  but  to  facilitate  comparison  of  the 
two  phases  we  also  used  a  doubled  cell  to  describe  R3m.  This  was  accomplished 
for  R3m  by  using  the  same  symmetry  operators  used  for  R3c  and  adding  the  con¬ 
straint  x=y  for  the  prototype  oxygen  atom,  in  addition  to  x+y+z  =  . 

Table  I  summarizes  the  refined  parameters  in  each  phase.  The  numbers 
between  brackets  represent  the  standard  deviation  in  the  least  significant 
digit.  Figure  3  shows  calculated  and  observed  intensity  profiles  for  the  two 
phases.  The  fit  between  observed  and  calculated  profiles  is  quite  good.  The 
metal  oxygen  bond  lengths  determined  by  neutron  diffraction  together  with 
the  sum  of  ionic  radii  "IR"  of  Shannon  and  Prewitt  (13) ,  are  listed  in 


Table  II. 
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PYROELECTRIC  DISCHARGE  EXPERIMENT 

The  Chynoweth  (16)  technique  used  to  determine  the  ferroelectric  (R3m)~ 
ferroelectric  (R3c)  phase  transition  temperature  is  shown  in  Fig.  4.  The 
sample  (a  ceramic  disc  2.8  mm  in  diameter  and  0.11  mm  thick)  was  electroded 
with  evaporated  silver  and  mounted  on  a  glass  substrate.  Using  an  electric 
field  of  20  kV/cm,  the  ceramic  was  poled  at  room  temperature.  Carbon  black 

was  coated  on  the  upper  silver  electrode  to  absorb  light.  The  sample  was 

then  mounted  in  a  recessed  copper  holder  and  cooled  with  liquid  helium  in  an 
Air  Products  LT-3-110  cold  finger.  A  buffer  FET  preamplifier  positioned 
within  the  cold  finger  was  used  to  minimize  loading  capacitance  on  the 
sample,  thereby  maintaining  reasonable  signal  levels.  The  sample  was  irradiated 
by  a  chopped  defocused  4  mw  He-Ne  laser  and  the  pyroelectric  signal  detected 
with  a  lock-in  amplifier  (PAR-HR8) .  The  level  of  pyroelectric  signal  (mv)  as 
a  function  of  temperature  for  two  heating/cooling  cycles  (H^,C^)  and  (H^jC,,) 
is  shown  in  Fig.  4.  The  heating/cooling  rates  were  about  4-5  K/min. 

The  peak  in  the  pyroelectric  signal  at  45  K  is  caused  by  changes  in  the 

spontaneous  polarization  at  the  rhombohedral-rhombohedral  phase  transition. 

The  degradation  of  the  pyroelectric  signal  as  the  sample  was  cycled  through 
H^,  C^,  H.^,,  and  C£  is  probably  due  to  a  depoling  effect. 

CORRELATION  OF  THE  SPONTANEOUS  POLARIZATION  AND 
ATOMIC  DISPLACEMENTS 

Based  on  a  survey  of  ten  different  ferroelectrics,  Abrahams,  Kurtz,  and 
Jamieson  (17)  found  that  the  spontaneous  polarization  Pg  along  the  polar  axis 

C 

is  linearly  related  to  the  homopolar  atom  shift  Sz  (A)  by  the  relation, 

Ps  -  K  Sz 


where  K  =  2.58  (9)  C/m^-A. 


(2) 


A  slightly  different  value  of  K  =  2.51  (7)  was  found  to  hold  for  the 
PbZrO^-PbTiO^  system  (18 )  .  Table  III  shows  a  comparison  between  Pg[lll]  as 
calculated  from  Eq  (2)  using  the  experimentally  determined  (Zr/Ti)  shifts, 
and  the  Pg[lll]  values  obtained  from  the  (LGD)  phenomenology.  The  agreement 
between  the  phenomenological  P  values  and  the  values  determined  from  Eq  (2) 

u 

is  quite  good. 

SUMMARY  AND  CONCLUSIONS 

A  rhombohedra  (R3m) -rhombohedral  (R3c)  phase  transition  was  found  to 
occur  in  PbZr^  ^Ti^  4O3  at  T=45  K.  The  phase  transition  temperature  was 
determined  from  pyroelectric  measurements.  The  structures  above  and  below 
the  phase  transition  temperature  were  refined  by  the  neutron  profile  fitting 
method  (2,14) . 

The  Landau-Ginsburg-Devonshire  (LGD)  phenomenological  results  showed 
no  anomalies  of  morphotropic  compositions  below  room  temperature.  The  spon¬ 
taneous  polarization  values  Pg  as  determined  from  the  phenomenological  theory 
are  in  surprisingly  good  agreement  with  the  values  calculated  from  the  (Zr/Ti) 
shifts  using  Abrahams,  Kurtz  and  Jamieson  relation. 
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Table  I 


REFINED  PARAMETERS  FOR  PbZrQ.6Tio.4O3 


Temperature 

9  K 

200  K 

295  K 

Phase 

fr  (LT) 

Fr  (HT) 

Fr  (HT) 

C/3 

s 

p 

H 

Space  group 

R3c  (C*y) 

R3m  (Cjv) 

R3m  (C5  ) 

ah  (1) 

5.7597  (5) 

5.7682  (11) 

5.7550  (4) 

< 

(U 

w 

(1) 

14.2510  (12) 

14.2529  (23) 

14.2138  (11) 

2a  (X) 

8.1730  (6) 

8.1821  (15) 

8.1618  (4) 

C/3 

a  (°) 

89.614  (3) 

89.667  (9) 

89.676  (3) 

S 

0.0343  (3) 

0.0343  (11) 

0.0310  (4) 

55  t/1 

O  txS 

M  W 

H  H 

t 

0.0114  (5) 

0.0110  (19) 

0.0108  (7) 

d 

-0.0028  (1) 

-0.0026  (2) 

-0.0023  (1) 

O  S 

CO  oq 

e 

0.0105  (2) 

— 

— 

Q  (5 

W  (°) 

4.164  (1) 

— 

— 

CO 

►-3 

B  (Pb) 

0.57  (5) 

0.9  (5) 

1.94  (1) 

<  U 

2  w 
w  2 

SI 

B  (Zr/Ti) 

1.50  (2) 

-1.2  (1.2) 

1.10  (17) 

B  (0) 

1.24  (8) 

1.4  (3) 

1.57  (7) 

Number  of 
Parameters  (P) 

15 

13 

13 

CO 

w 

N- amber  of 

802 

273 

934 

H 

w 

Observations(N) 

1 

Number  of 

48 

16 

45 

2 

Reflections 

.-3 

< 

0 

R1% 

1.68 

3.08 

4.85 

H 

CO 

M 

r2% 

10.37 

9.79 

11.08 

H 

< 

H 

CO 

r3% 

11.70 

12.54 

14.28 

R  % 

9.55 

9.24 

6.34 

exp 

*1  =  100  ^  ^(obs)  ~  C  I(calcJ  ^^(obs) 

r2  -  100  l  [y(obsi  -  i  y(calcJ]/Iy(obs) 

R3  "  100^w[y(obsi  -  Z  ’Wi^^Cobs}1* 

R^  -  the  expected  R-factor  =  100/(N-P4C) /}wly (obs^  1 

t  X  observed  and  calculated  integrated  intensity  of  each  reflection, 

(obs)’  (calc} 

v  v,  .  .  -  observed  and  calculated  profile  data. 

7(obs)  ,7  (calcj 

«  weight  allotted  to  each  data  point. 


v 


V  ' 


11a 


Rl  ~  100  £  {1(obs.)  “  C  1  (calc.)  (obs) 

R2  “  100  i  ty(obs.)  -  h  y  (calc)  ]/Ey  (obs) 

R3  ■  100/fw[y(obs)  "  C  y(calc)]2/^ty(obs.)]2 

R^  -  the  expected  R-factor  =  100/(N-P+C)/^w[y^o^s^  ] 

I.  . ,  I.  ,  .  =  observed  and  calculated  integrated  intensity  of  each  reflection, 
(obs)  (calc.) 

y .  ,  ..y.  .  .  =  observed  and  calculated  profile  data. 

J  (obs)  1  (calc.) 

w  =  weight  allotted  to  each  data  point. 


Table  II 


METAL-OXYGEN  BOND  LENGTHS 


*Bond  Type 

mm 

T  =  200  K 

T  =  9  K 

Sum  of  "IR" 

Zr/Ti-0^ 

1.995 

2.003 

2.005 

2.07 

Zr/Ti-02 

2.098 

2.100 

2.101 

Pb-0;L 

2.912 

2.926 

3.041 

2.89 

Pb-02 

2.515 

2.483 

2.481 

*0^  and  C>2  represent  the  oxygen  atoms  in  the  upper  and  lower  faces  respectively 
of  an  octahedron  viewed  along  [111]. 
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Table  III 

(Zr/Ti)  ATOM  SHIFTS  AND  SPONTANEOUS  POLARIZATION 


T(K) 

(Zr/Ti) oShif ts 

6z  (A) 

P  [111]  C/m2-A 
bfrom  eq  (2) 

P  [111]  C/m2-A 
from  (LGD)  eq  (1) 

295 

0.154  (9) 

0.39  (3) 

0.34 

200 

0.157  (27) 

0.39  (6) 

0.36 

9 

0.162  (7) 

0.41  (2) 

0.39* 

*Taking  into  account  the  zone  center  mode  only. 
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Fig.  1  PbZrO^-PbTiO^  phase  diagram  (after  Jaffe,  Cook  and  Jaffe  (1)). 

Fig.  2  Elastic  Gibbs  free  energy  as  a  function  of  composition  across  the 
single  cell  region  of  the  PZT  phase  diagram  for  three  temperatures 
below  room  temperature. 

Fig.  3  Observed  (dots)  and  calculated  (full  line)  neutron  intensity  profile 

for  the  two  phases  of  PbZr„  ,Ti„  ,0o.  The  lower  trace  in  each  case 

0.6  0.4  3 

is  the  difference  between  observed  and  calculated  profiles. 

(a)  Fd(HT)  at  295  K;  (b)  FD(LT)  at  9  K. 

K  K 

Fig.  4  Experimental  arrangement  and  the  pyroelectric  signal  as  a  function 
of  temperature.  The  four  curves  represent  successive  heating  and 
cooling  cycles. 
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ABSTRACT 

The  chemical  nature  of  the  intrinsic  surface  layer  in  BaTiO^  single 
crystals  and  the  positive  and  negative  surfaces  of  gadolinium  molybdate  have 
been  determined  using  AES  and  ISS.  Potassium  and  fluorine  were  detected  in 
BaTiO^  crystals  grown  by  the  Remeika  method.  The  ratio  of  the  AES  417  eV 
to  411  eV  peaks  of  Ti  in  BaTiO^  was  stable  under  ion  and  electron  beam  irra¬ 
diation.  ISS  showed  that  the  positive  and  negative  surfaces  of  gadolinium 
molybdate  crystals  were  chemically  identical,  with  both  types  exhibiting 
similar  variations  in  the  Gd  and  Mo  signals  with  ion  bombardment  time.  How¬ 
ever,  marked  differences  in  the  spectra  of  sputtered  and  scattered  ions  from 
each  type  were  observed. 


1.  INTRODUCTION 


Basic  studies  of  ferroelectric  crystal  surfaces  are  of  interest  and 
importance  for  several  reasons.  First,  the  ferroelectrics  are  a  subgroup 
of  the  much  larger  family  of  polar  crystals.  In  all  these  materials  the 
surface  properties  will  be  markedly  modified  by  the  orientation  of  the  elec¬ 
tric  polarization  vector  with  respect  to  the  crystal  surface.  In  ferroelec¬ 
trics,  because  of  the  domain  structure  and  switching  possibility,  these  ef¬ 
fects  can  be  studied  in  a  simple  and  controlled  manner.  Second,  in  many 
ferroelectrics,  several  experimental  studies  [1]  have  provided  indirect 
evidence  of  the  existence  of  a  "modified"  layer  at  the  surfaces  of  these 
crystals.  In  general,  two  types  of  models  have  been  proposed  to  explain  ob¬ 
served  data:  (i)  a  physical  model  of  space  charge  layers  due  to  surface 
ionic  vacancies  [2],  and  (ii)  a  chemical  model  in  which  the  thin  layer  is 
part  of  the  crystal  [3]  and  may  be  chemically  different  from  the  bulk  [4-5]. 
Third,  studies  of  ferroelectric  surfaces  are  necessary  in  order  to  optimize 
the  performance  of  these  materials  as  stable  r-nd  efficient  electrodes  for 
the  photoelectrolysis  of  water  in  photoelectrochemical  cells  [6] . 

Another  important  feature  in  ferroelectrics  is  the  apparent  influence  of 
the  electric  fields  associated  with  the  emergent  spontaneous  polarization  on 
the  chemical  reactivities  of  the  surfaces.  Such  differences  in  reaction 
rates  have  been  utilized  recently  by  Bhalla  and  Cross  [7]  to  reveal  the 
ferroelectric  domains  in  gadolinium  molybdate  (Gd2(MoO^)^  or  GMO)  crystals. 
When  dipped  in  a  dilute  hydrofluoric  acid,  coherent  and  firmly  adhering  films 
of  gadolinium  fluoride  are  produced  on  the  surface  [8].  The  thickness  of  the 
film  differs  for  domains  of  opposite  polarity,  so  that  the  underlying  domain 
structure  is  revealed  in  reflected  white  light  by  clear  interference  colors. 

In  the  present  study,  complementary  techniques  of  Auger  electron  spectro¬ 
metry  (AES)  and  ion  scattering  spectrometry  (ISS)  have  been  utilized  to 
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determine  the  chemical  nature  of  (1)  "as  grown"  BaTiO^,  and  (2)  polished 
surfaces  of  GMO  single  crystals.  The  latter  samples  were  particular  inter¬ 
esting  because  essentially  single  domain  faces  (i.e.,  either  positive  or 
negative)  could  be  obtained  easily.  Specifically,  we  wanted  to  determine 
secondary  effects  (if  any)  in  the  ISS  spectra  such  as  (a)  displacement  of 
scattered  peaks  [9]  and  (b)  displacement  of  the  appearance  threshold  of 
sputtered  ions  due  to  the  polar  nature  of  these  surfaces. 

2.  EXPERIMENTAL 

The  multi-domain,  unpoled,  BaTiO^  single  crystals  used  in  this  study 
were  grown  by  the  Remeika  method  in  a  potassium  fluoride  flux.  The  surfaces 
were  examined  in  the  "as-grown"  condition,  i.e.,  without  etching  or  polishing 
to  determine  the  intrinsic  layer. 

The  GMO  samples  were  cut  from  a  single  crystal  boule  to  obtain  8  x  8  x 
2  mm  plates  with  the  major  faces  perpendicular  to  the  ferroelectric  [OOlQ 
axis.  After  polishing  with  1/A  pm  alumina  powder,  the  plates  were  poled  by 
applying  a  shear  stress  along  a  b_  axis.  The  existence  of  single  domains  was 
verified  optically  by  a  polarizing  microscope  while  the  polarity  of  the  domain 
was  determined  by  piezoelectric  measurements  on  a  Berlincourt  d^  meter. 

Our  studies  were  conducted  in  an  instrument  which  combines  AES  and  ISS 
in  the  same  ultrahigh  vacuum  chamber.  The  ISS  unit  is  a  sector-type  3M  model 
520,  while  the  AES  unit  is  a  Physical  Electronics  Industries  model  25-G 
double-pass  cylindrical  mirror  analyzer  with  a  coaxial  electron  gun.  Samples 
mounted  in  a  carousel-type  target  holder  are  inclined  A5°  relative  to  the  ion 
beam  for  ISS.  A  180°  rotation  of  the  target  holder  about  the  Z  axis  posi¬ 
tions  the  sample  (previously  analyzed  by  ISS)  normal  to  the  electron  beam 
for  AES.  All  measurements  were  made  at  room  temperature  after  achieving  a 
base  pressure  of  ''■l  x  10  ^  Pa  without  system  bakeout. 
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The  ISS  data  were  obtained  at  typical  current  densities  of  about  20-25 
2 

pA/cm  using  a  1-mm-FWHM-diam.  1500  eV  He-4  ion  beam.  For  studying  oppositely 
poled  surfaces  of  GMO,  the  spectra  were  recorded  under  identical  experimental 
conditions,  i.e.,  constant  ion  beam  and  charge  neutralization  currents. 

The  normally  incident  electron  beam  in  AES  caused  charging  problems  in 
some  cases.  When  no  charging  was  encountered,  the  AES  data  were  collected 
using  a  0.25-mm-FWHM-diam.  2  KeV  15  pA  primary  electron  beam,  while  a  2V 
peak-to-peak  modulation  voltage  was  used  in  recording  the  derivative  spectra 
at  a  rate  of  2  eV/sec. 


3.  RESULTS  AND  DISCUSSION 


3.1  BaTi0_  Crystals 


Figure  1  shows  the  ISS  data  obtained  from  the  "as-grown"  BaTiO^  crystal. 
The  predominant  impurities  were  potassium  and  fluorine.  The  plot  shows  that 
the  Ba  peak  grows  as  the  K  peak  decreases.  The  Ba  signal  assumed  a  stable 
value  at  the  time  that  K  was  no  longer  detectable.  Similar  trends  were  ob¬ 
served  in  the  oxygen  and  fluorine  signals.  Initial  detection  of  Ba,  Ti  and 
oxygen  suggested  a  non-uniform  lateral  distribution  of  impurities  on  the 
surface . 


Inasmuch  as  the  electron  beam  desorbs  fluorine  (8],  the  chemical  composi¬ 
tion  profile  of  the  intrinsic  layer  was  not  measured  using  AES.  However,  this 
technique  was  used  to  study  the  stability  of  titanium-to-oxygen  bonding  when 
these  samples  were  irradiated  with  ion  and  electron  beams. 

An  example  of  the  Auger  data  on  BaTiO^  is  shown  in  Fig.  2.  The  spectra 
were  recorded  after  bombarding  the  crystal  with  1.5  KeV  Ar  ions  for  30  min. 

For  purposes  of  comparison,  the  spectrum  of  TI  metal  is  included.  One  observes 
that  significant  changes  occur  in  the  LMM  Auger  transitions  at  v382  to  386  eV 


and  in  the  valence  band  (LMV)  transitions  at  v418  eV.  The  382  eV  and  386  eV 
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peaks  of  the  metal  appear  as  a  single  peak  In  Fig.  2(b).  In  addition,  the 
Ti(418)  peak  In  Fig.  2(a)  is  now  split  into  two  peaks  at  '''All  eV  and  417  eV 
in  the  titanate  spectra.  Such  changes  in  the  Auger  spectra  of  Ti  in  Ti  metal, 
TiO  and  TiC^  were  compared  previously  by  Solomon  and  Baun  [10].  In  particu¬ 
lar,  differences  in  spectral  shapes  between  TiO  and  TiO^  were  correlated  with 
differences  in  the  density  of  states  of  oxygen  2p  and  titanium  3d,  4s  mole¬ 
cular  orbitals. 

The  general  features  of  Ti  in  BaTiO^  were  consistent  with  previously  re¬ 
ported  Auger  spectra  of  Ti  in  Ti02  [11],  and  in  SrTiO-j  [12-13].  However,  com¬ 
pared  to  Ti02>  the  BaTiO^  crystal  surfaces  exhibited  greater  stability  under 
electron  and  ion  beam  irradiation.  In  Ti02>  Thomas  [11]  observed  that  the 
417  eV/411  eV  AES  signal  ratio  changed  from  0.31  to  'vl  when  the  surface  was 
exposed  to  a  3  KeV,  15  pA  electron  beam  for  ,'>2  min.  More  pronounced  adverse 
effects  of  dissociation  and  reduction  of  the  oxide  were  noted  under  2  KeV, 

9  pA  Ar  ion  bombardment.  In  the  BaTiO^  crystals  studied  here,  the  corres¬ 
ponding  417  eV/411  eV  ratios  were  stable,  and  varied  from  0.14  to  0.23  among 
the  samples.  Incidentally,  these  values  were  similar  to  a  ratio  of  'v-0.21  ob¬ 
tained  from  vacuum-fractured  surfaces  of  SrTiO^  by  Henrich,  et  al .  [12], 

3.2  GMO  Crystals 

The  composition  of  the  outer  surface  of  a  GMO  crystal  polished  with  1/4 
pm  alumina  is  revealed  in  a  series  of  scans  shown  in  Fig.  3.  One  interesting 
feature  revealed  by  these  spectra  is  the  variation  of  the  Mo  signal  relative 
to  the  Gd  peak.  Figure  4  is  a  plot  of  the  Gd,  Mo  and  0  signals  vs.  ion  bom¬ 
bardment  time.  Opposite  trends  are  clearly  indicated  in  the  Gd  and  Mo  pro¬ 
files.  Such  changes  could  be  due  to  initial  shielding  of  Gd  by  Mo  from  the 
ion  beam,  or  could  be  due  to  preferential  sputtering  of  Mo  from  the  surface. 
Regardless  of  the  mechanism  for  these  variations,  no  changes  from  the  spectra 
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shown  in  Fig.  3(c)  were  observed  even  under  prolonged  ion  bombardment. 

The  feature  revealed  by  Fig.  3(a)  was  independent  of  surface  preparation 
techniques:  (1)  mechanically  polished  (MP)  with  1/4  pm  alumina,  (2)  MP  and 

annealed  in  air  for  20  hours  at  120°C,  and  (3)  MP  and  chemically  etched  in 
HNO^  acid.  In  addition,  the  variation  of  the  Gd  and  Mo  signals  with  ion  bom¬ 
bardment  time  was  the  same  for  "positive"  and  "negative"  surfaces.  This  can 
be  readily  understood  inasmuch  as  switching  from  one  polarity  to  the  other 

2_ 

involves  less  than  lR  displacements  of  oxygen  atoms  in  the  (MoO^)  tetra- 
hedra  [14]. 

Figure  5  shows  the  spectrum  of  sputtered  and  scattered  ions  for  He  in¬ 
cident  on  the  domain  (a)  with  the  positive  end  of  the  dipole  on  the  surface, 
and  (b)  the  negative  domain  of  GMO.  In  Fig.  5(a),  the  position  of  the  oxygen 
and  gadolinium  peaks  are  displaced  from  their  normal  values  of  0.600  and  0.950 
In  90°  ISS.  No  shifts  in  positionof  the  corresponding  peaks  for  the  negative 
domain  was  detected.  Subtle  differences  in  the  energy  distribution  and  inten¬ 
sity  of  sputtered  ions  from  these  two  types  of  domains  were  also  noted.  In 
order  to  reveal  such  differences  more  clearly,  a  500  eV  Ne-20  ion  beam  was 
used. 

Figure  6  shows  a  marked  contrast  in  the  energy  distributions  and  inten¬ 
sities  of  the  sputtered  ions.  Relative  to  the  negative  domain,  Fig.  6(b),  a 
considerable  reduction  in  intensity  accompanied  by  a  broader  distribution  in 
energy  was  obtained  in  Fig.  6(a).  In  addition,  the  scattered  peak  in  the 
latter  was  shifted  to  higher  energies  as  observed  previously  in  Fig.  5  . 

The  displacement  of  ion  scattering  peaks  from  positions  predicted  by 
binary  scattering  was  examined  rece  tly  by  Helbig,  et  al .  [9].  They  showed 
that  displacement  of  ISS  peaks  to  higher  energies  due  to  charging  in  insulating 
samples  is  caused  by  the  repelling  field  which  changes  both  the  scattering 
angle  and  the  impact  energy  of  the  incident  ion  during  the  collision.  Similar 
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FIGURE  CAPTIONS 


Fig.  1.  ISS  signal  vs.  sputtering  time  for  the  intrinsic  layer  in  Remeika 
grown  FaTiO^  crystals.  Primary  ion  beam  energy  was  1500  eV. 

Fig.  2.  Partial  AES  spectrum  of  titanium  obtained  from  (a)  an  evaporated 
Ti  film,  and  (b)  a  BaTiOj  crystal  irradiated  with  1.5  KcV  Ar  ions 
for  30  min. 

A 

Fig.  3.  The  spectrum  of  1500  eV  He  ions  scattered  from  a  GMO  crystal  at 
(a)  1  min,  (b)  17  min.,  and  (c)  40  min.  of  ion  bombardment. 

Fig.  4.  Variation  of  gadolinium,  molybdenum  and  oxygen  ISS  signals  from  GMO 
vs.  ion  bombardment  time. 

4  + 

Fig.  5.  Scattered  and  sputtered  ion  spectra  for  1500  eV  He  incident  on 

(a)  the  domain  with  the  positive  end  of  the  dipole  on  the  surface, 
and  (b)  the  negative  domain  of  GMO  crystals. 

20  + 

Fig.  6.  Sputtered  and  scattered  ion  spectra  for  500  eV  Ne  ions  incident 
on  (a)  the  positive  domain,  and  (b)  the  negative  domain  of  GMO 
crystals. 
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Pyroeffect  in  Ph^Ge^O^  and  PbjGe2Si0jj  Monocrystals 
Prepared  by  Glass-recrystallization 


Koichiro  TAKAHASHi ,L.H.  HARDY*  R.E .  NEWNHAM*  and  L.E.  Cross* 
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Thin  plate-like  tnonocrystals  of  ferroelectric  Pb.Ce,  Si  0 


(OSxil.5)  with  an  orientation  of  the  polar  c-axi6  perpendicular  to 
the  aurface  were  prepared  by  glass-recrystallization.  For  x-0  and 
x-1,  temperature  dependences  of  dielectric  constant,  dissipation 
factor,  spontaneous  polarization  and  coercive  field  were  measured, 
to  give  sufficient  ferroelectric  quality  equivalent  to  the  crystals 
obtained  by  the  Czochralskl  method.  The  pyroelctric  responsivit ies 
Rv  were  recorded  as  large  as  about  3(V/W)  at  14Hz  with  lOMO  external 
resistance,  whose  performances  are  comparable  to  commercial 
detectors  of  TCS  and  LiTaO,.  The  value  of  R  for  xcl  was  greater 
than  for  x”0  because  of  a  larger  pyroelectric  coefficient. 


1.  Introduction 

Lead  germanate  Pb.Ge,0. . (abbreviated  as  PGO  here)  and  its  isomorphs  Pb.Ge.  Si  0, 
j  -j~x  x  11 

with  Oixtl  are  ferroelectric  at  room  temperature,''’  '  chemically  stable,  and  have 

high  pyroelectric  coefficients  as  well  as  relatively  low  dielectric  constants^ 

being  expected  to  be  used  as  infrared  detectors.  Monocrystal  boules  of  PGO  and 

Pb^GejSiOjj  (abbreviated  as  PGSO  here)  have  been  grown  by  the  Czochralski  method?^ 

Takahashi  et  al^  have  succeeded  in  obtaining  thick-film  monocrystals  with  Osxd.5, 

thin  and  wide  enough  to  make  pyroelectric  infrared  detector  chips  by  the  glass- 

recrystallization  technique.  The  thickness  of  the  crystals  can  be  easily  controlled 

by  the  amount  of  charged  glass.  The  as-grown  crystals  themselves  are  possible  to  be 

directly  used  as  detector  elements;  therefore,  troublesome  slicing  and  polishing 

processings  arc  unnecessary.  All  it  is  required  is  to  attach  electrodes  to  the 

surface  and  the  reverse  side  respectively,  since  the  polar  axis  is  perpendicular  to 

the  surface. 

Chly  a  few  papers  have  referred  to  pyroelectricity  of  Pb.Ge,  Si  0...  The  study 

by  Jones  et  al.;  is  for  the  monocrystal  of  PGO  prepared  by  the  Czochralski  method  as 

well  as  the  sifered  body  and  that  by  Glass  et  al?^  for  the  glass-ceramics.  Bordovskii 
9) 

et  al.'  reported  about  pyrocurrents  of  the  ceramics.  For  IGO  and  PGSO,  together  with 

TGS*^  and  LiTaOj(abbreviated  as  LT)V Commercially  used  as  typical  pyroelectric 

detector  materials,  Table  1  shows  the  pyroelectric  coefficient  p-dP ,/dT(P  :spontaneous 
2  s  s 

polarization(C/cm  );  T(°K):  temperature),  the  low  frequency  performance  parameter  p/c’ 


A  part  of  this  study  was  presented  at  the  Annual  Meeting  of  the  Ceramic  Society  of 
JAPAN,  May  1975. 
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(c^(J/cm3«K):  volume  specific  heat)  Table  1  The  performances  of  the  typical 
and  the  high  frequency  performance  pyroelectric  detectors, 

parameter  p/ec^  (c:  dielectric 
constant).  The  values  of  these 
three  parameters  for  PGO  and  PGSO 
are  comparable  to  those  of  TGS  and 
LT.  Particularly,  it  is  noted  that 
the  low  frequency  performance 
parameter  of  PGSO  is  largest  among 
those  four  materials. 

In  this  study  are  reported  the 
results  of  the  pyroelectric 
measurements  of  the  PGO  and  PGSO 
thick- film  monocrystals  prepared  by 
the  glass-recrystallization,  a  very  simple  technique. 

2.  Experimental 

Firstly  the  lead  germanate  silicate  with  the  composition  of  Ph^Ge^O^  and 
PbjGc^SiOjj  respectively  was  prepared,  using  Baker’s  Analyzed  Reagent  PbO,  high-purity 
Eagle  richer  GeO^  and  Aremco  Products  SiC^  as  starting  materials.  The  polycrystalline 
powder  of  the  materials  with  only  one  crystal  phase  was  obtained  by  solid  stat£eactl0n 
at  S50°C  for  lOOhr.  Each  powder  of  PGO  and  PGSO  was  melted  in  a  gold  crucible  and 
held  at  800-820°C  for  20min.,  followed  by  being  quenched  in  water  for  the  former  or 
poured  on  an  aluminum  plate  for  pressing  with  a  domestic  iron  to  make  glass  for  the 
latter. 

A  few  particles  of  the  glasses  were  put  on  gold  foil,  remelted  and  then  annealed 
at  600-720°C  for  recrystallization  for  l-70hr.,  without  being  cooled  down  to  room 
temperature,  to  give  large  hexagonal -shaped  monocrystals  up  to  9mm  in  cross-section 
and  0.05  to  0.3rm  in  thickness^  which  size  is  large  enough  to  make  an  IR  detector. 

Prior  to  evaporation  of  Cr  and  Au  on  the  as-grown  crystal  surface  without  slicing 
and  polishing,  the  plate-like  crystals  weTe  cut  as  large  as  4x4mm  with  a  wire-saw. 

A  front  electrode  was  taken  out  of  the  Cr-Au  evaporated  surface  and  a  back  one  from 
the  gold  foil. 

Dielectric  constant  and  dissipation  factor  were  measured  with  the  Hewlet-Packard 
automatic  bridge,  while  spontaneous  polarization  and  coercive  field  done  with  the 
Caborundum  Sqycr-Tower  circuit.  For  pyroelectric  measurement,  the  surface  was  coated 
with  black  paipt  for  sufficient  IR  absorption.  For  poling,  DC  bias  of  3  times  as  large 
as  the  coercive  field  was  applied  to  the  samples  parallel  to  the  polar  axis  for  a  day. 
Pyroelectric  voltage  determination  was  carried  out,  using  a  500°K  blackbody  IR  source, 
a  light  chopper  and  the  PAR-I1R-8  lock-in  amplifier. 

3.  Results  and  Discussion 


Pyroelectric 

material 

P 

[C/cm°K] 

xlO'8 

P/c^ 

[A-cm/W] 

xlO"8 

P/cc’ 

[A-cm/W] 

xlO'10 

R  * 

V 

[v/w] 

Pb5Ge3°ll 

2.0 

0.98 

2.2 

2.0 

Pb^Ge?S10n 

6.5 

3.2 

0.94 

3.4 

TGS 

4 

1.6 

4.6 

3.2 

LiTa03 

2.3 

0.73 

1.3 

1.5 

*  When  d=0.2mm,  A=3.14mm2,  R=10Mn,  n=0.4 
and  f=14Hz 
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From  the  results  of  back- reflect  ion  Laue  photographs  for  the  Pb5Ge3  Ojj 
samples,  the  polar  c-axis  was  found  to  be  perpendicular  to  the  surface;  therefore,  it 
is  quite  convenient  for  attachment  of  electrodes.  The  electrical  and  geometrical 
factors  of  the  PGO  and  PGSO  samples  in  this  study  are  given  in  Table  2,  where  Tc: 

Curie  temperature (°C) ,  To(°C) :  paraelectric  Curie  temperature,  C0(°K):  Curie  constant, 

D(t) :  dissipation  factor  at  10kHz,  p(Ml  cm):  resistivity,  EfkV/cm):  coercive  field 

2  c  * 
d(mm):  thickness  and  A(mm  ):  electrode  area.  The  factors  of  e33>  D,  P,  Pg  and  Ec  are 

the  values  at  room  temperature.  The  temperature  dependences  of  c,  D,  P£  and  Ec  in  the 

direction  parallel  to  c-axis  are  shown  in  Fig.l  and  Fig. 2  respectively. 

The  above  results  show  that  the  electrical  properties  of  the  PGO  and  PGSO  samples 
in  this  study  are  quite  comparable  to  those  prepared  by  the  Czochralski  method'?-* 
Evidently  the  thick-film  monocrystals  of  Pb^Ge^SixO^  obtained  by  the  glass- 
recrystallization,  a  quite  simple  technique,  are  sufficiently  desirable  in  electrical 
properties . 

The  frequency  dependences  of  rcsponsivities  Ry(V/W)  of  the  PGO  and  the  PGSO  are 
shown  in  Fig. 3.  The  difference  in  Ry  between  these  two  samples  can  be  explained  by 
using  Putley's  equation?®* 

Ry  ■=  n(upAR/G)(l  ♦  w2t2)"1/2(1  +  u2t2)'1/Z  (1) 

where  n:  the  emmisivity  of  the  electrode  surface,  u>(l/s):  angular r  frequency foj=  2tt f , 
f (1/s) :  frequency),  R(fi):  the  parallel  resistance  of  the  crystal-load  circuit,  G(W/°K) 
:  thermal  conductance  (G=Kd,  K(W/m°K) :  thermal  conductivity),  Tj;(s)  :  electrical  time 
constant (te=CR,  C(F):  the  parallel  capacitance  of  the  crystal. load  circuit),  and  t^Cs) 
:  thermal  time  constant (t^.=H/G,  H(J/°K):  heat  capacity,  H=c^Ad,  Cp=CpS,  Cp(J/kgcK) : 
specific  heat  capacity,  Sfkg/m3):  density).  Eq.(l)  shows  that  Ry  increases  in 
proportion  to  f  when  f<l/tj,  varies  as  1/f  when  f>l/tg,  and  is  constant  in  the 
intermediate  frequency  range;  the  variations  of  R^s  in  Fig. 3  are  typical  cases  obeying 
this  equation. 

For  the  PGO  and  PGSO  samples,  the  unknown  values  of  n,  S,  Cp  and  K  are  estimated. 

Table  2  Some  properties  of  the  thick-film  PGO  and  PGSO  monocrystals 
prepared  by  the  glass-recrystallization  technique. 


T 

c 

T 

0 

Co 

D 

P 

PS 

Ec 

A 

d 

R 

V 

[°c] 

[°c] 

9 

a 

xlO4 

[°K] 

[*] 

[Mn-cm] 

[C/cm2] 

xlO"6 

[KV/cm] 

[mm2] 

[mm] 

[V/W] 

Pb5Ge3°n 

178 

173 

44 

820 

0.69 

0.3 

13 

3.5 

bi 

2.09 

0.146 

2.50 

Pb^Ge^SIO^i 

45 

32 

340 

720 

1.5 

3 

0.18 

1.5 

D 

1.92 

0.265 

2.99 

Cjj  at  lOKHz,  D  at  R.T.  and  lOKHz,  p  at  R.T.  and  lOKHz,  Pg  at  R.T.,  Ec  at 
R.T.  and  R^  at  R.T. 


J 


4 


The  magnitude  of  n  assumed  to  be  one  when 

black  paint  is  used.  For  S,  the  observed 

value  of  7.33xl03(kg/m3)  is  used  in  the 

case  of  the  PGO,  while  that  of  the  PGSO 

(7.26xl03)  calculated  from  the  observed 

lattice  constants3^  By  the  additivity  law, 

the  values  of  c  are  calculated  from  the 
P  121 

observed  ones  of  PbO,  GeC>2  and  SiO^,  ’ 

obtaining  2.78xlO^(J/kg°K)  for  PGO  and 
2 

2.79x10  for  PGSO  respectively.  The  values 
of  K(W/m,,K)  for  PGO  and  PGSO,  respectively, 
are  presumed  to  be  in  the  range  2.7-14 

since  K>=2.77  for  PbO*3^  and  7.2-14  for  Si09 
141 

quartz!  J 

2  2 

Calculating  (ut^)  and  (wt-j.)  at  14Hz, 
respectively,  using  the  above  deduced  and 
observed  values  in  Table  1  and  2,  we  obtain 
(artgl^«l  and  (ojt^.)^>>1  for  the  PGO  and 
PGSO  samples,  and  therefore,  Eq.(l)  is 
simplified  as: 

By  »  (npR)/(cpSd) 


Fig.  1  The  temperature  dependences 
of  the  dielectric  constant 
e^  and  dissipation  factor 

D(X)  for  PCO  and  PGSO. 

(2) 


Hence,  it  is  noted  that  Ry  is  independent  of  and  G,  If  n=l,  we  obtain  Ry=  6.7 (V/VV) 
for  the  PGO  sample  and  8.7  for  the  PGSO,  respectively.  Either  of  the  observed  Ry's  is 
less  than  above  calculated  values,  for  it  is  thought  that  the  effective  n's  might  be 


Temperolure(cC) 


Fig.  2  The  temperature  dependences  of 
the  spontaneous  polarization 
2 

Pg(pC/cm  )  and  coercive  field 
F^(kVfcm)  for  PGO  and  PGSO. 


*  f  (Hz) 


Fig.  3  The  frequency  dependence  of 

the  pyroelectric  responsivlty 
Rv(V/W)  for  the  PGO  and  PGSO 

samples. 
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as  small  as  0.36<1.  Expressing  the  ratio  of  Ry  for  the  PGSO  to  that  for  the  PGO  as 
r,  the  observed  robs»  1.2  agrees  approximately  with  the  calculated  rcal“  1.3  within 
the  experimental  errors.  The  reason  why  Ry(PGSO)  is  greater  than  Ry(PGO)  is 
considered  to  result  mainly  from  a  larger  pyroelectric  coefficient  for  PGSO  as 
indicated  in  Eq.(2). 

In  Table  1  are  listed  Ry's  for  the  PGO  and  PGSO  samples  in  comparison  with  the 
commercial  pyroelectric  detcctors(TGS  and  LT)  at  the  same  geometry(d=0.2mm.  A=3.14iran2) 
and  the  same  condi tions(R=l(M},  f=14Hz,  n'0.4);  wherein,  it  is  evident  that  the 
pyroelectric  performances  of  PGO  and  PGSO  are  comparable  to  those  of  the  commercial 
-detectors;  furthermore,  particularly  PGO  and  PGSO  are  superior  to  TGS  in  chemical 
stability. 

As  a  conclusion,  as  far  as  the  glass-recrystallization  technique  is  concerned, 
there  are  many  advantages  as  follows;  1)  This  technique  is  quite  simple,  which 
requires  no  sophisticated  and  large-scale  apparatus,  2)  Crystal  size  obtained  is 
good  enough  for  a  pyroelectric  detector,  3)  Thickness  of  as -grown  crystal  is  thin 
enough  to  be  directly  used  as  a  detector  element  and  can  be  controlled  by  varying  the 
amount  of  charged  glass;  thus,  troublesome  slicing  and  polishing  processings  become 
useless,  4)  For  Pb^Ge-j^Si^O^-p  the  monocrystal  of  the  desired  composition  can  be 
prepared  in  the  range  Oixil.S,  moreover,  it  is  convenient  for  a  detector  assembly  that 
the  polar  axis  is  perpendicular  to  the  crystal  surface. 
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